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OZET

TEREFTALIK ASIT FABRIKASI ATIKSULARININ
ARITILMASINDA iLERi OKSIDASYON VE YENIi BiYOLOJIK
YONTEMLERIN UYGULANMASI

TEKIN, Giilen

Yiiksek Lisans Tezi, Kimya Miihendisligi Anabilim Dali
Tez Danismani: Prof. Dr. Siitheyda ATALAY
Ocak 2015, 138 sayfa

Bu tez kapsaminda, tereftalik asit fabrikasi atiksuyunun ceviz kabuklarindan
hazirlanan katalizorler varliginda cesitli ileri oksidasyon yontemleri ve yenilik¢i

bir biyolojik oksidasyon yontemi ile giderimi arastirilmistir.

Tereftalik asit fabrikasi atiksuyunu yansitmasi i¢in giderimi hedeflenen
bilesikler tereftalik asit (TPA), benzoik asit (BA) ve p-toluik asit (p-Tol) olarak
secilmistir. Benzoik asit i¢in Fenton benzeri oksidasyon, katalitik islak hava
oksidasyonu, fotokatalitik oksidasyon, foto-Fenton benzeri oksidasyon gibi cesitli
ileri oksidasyon yontemleri ile biyolojik oksidasyon yontem ile giderimi
arastirtlmistir. Tereftalik asit ve p-toluik asitin; Fenton benzeri oksidasyon,
fotokatalitik oksidasyon ve foto-Fenton-benzeri oksidasyon yontemleri ile

giderimi incelenmistir.

Ik asama olarak metal tutturulan ceviz kabugu temelli katalizdrlerin
hazirlanmas1 ve karakterizasyonu gergeklestirilmistir. Ceviz kabuklarindan
fiziksel ve kimyasal (asidik, notral ve bazik) olmak iizere farkli aktivasyon
yontemleri ile hazirlanan aktif karbon (AK) yapisina % 10 oraninda demir (Fe)
veya demir-titanyum dioksit (Fe-TiO, (1:99)) tutturularak Fe/AK ve Fe-TiO,/AK

katalizorler elde edilmistir.

Calismanin ikinci asamasinda her bir bilesik ve bu bilesiklere uygulanan
tim yontemler icin en etkin katalizorler belirlenmistir. Uygun katalizor
belirlenmesinden sonra optimum c¢aligma kosullarini saptamak amaciyla tiim
model bilesikler i¢in wuygulanan yontemler test edilmistir. Baglangi¢
konsantrasyonu tiim deneylerde tiim model bilesikler i¢in 50 mg/L olarak sabit

tutulmustur.
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Benzoik asit i¢in ulagilan en yliksek giderim; fotokatalitik ve foto-Fenton
benzeri oksidasyon i¢in segilen nétral aktivasyon ile hazirlanan Fe-TiO,/AK
katalizor varliginda foto-Fenton-benzeri oksidasyon ile optimum c¢alisma

kosullarinda 80 dakika sonunda % 95 olarak bulunmustur.

Tereftalik asit i¢in en yliksek giderim yine en uygun katalizor olarak segilen
notral Fe-TiOy/AK varliginda optimum ¢alisma kosullarinda 120 dakika sonunda

% 90 olarak bulunmustur.

Son olarak p-toluik asit i¢in de diger model bilesiklerle benzer sekilde en
uygun katalizér noétral Fe-TiO,/AK secilmis ve bu katalizér varliginda
gerceklestirilen deneylerde en yiiksek giderim, fotokatalitik oksidasyon ile

optimum ¢alisma kosullarinda 60 dakika sonunda % 90 olarak bulunmustur.

Calismanin {iglincii asamasinda benzoik asitin biyolojik oksidasyonla
giderimi ceviz kabugu temelli biyokatalizérler varliginda gerceklestirilmistir.
Secilen P.chrysosporium ve T.versicolor mikroorganizmalarinin ceviz kabugu
iizerine immobilize edilerek hazirlanan biyokatalizorlerin se¢imlilik deneyleri
sonucunda P.chrysosporium tutturulmus ceviz kabuklari parametrik ¢alisma igin
uygun bulunmustur. Bu biyokatalizér varlifinda optimum caligsma kosullar1 ile

4.glin sonunda % 90’a varan benzoik asit giderimi saglanmistir.

Calismanin sonunda elde edilen sonuglar 1s18inda katalitik aktivite
anlaminda ndtral ve bazik aktivasyon yontemleri, fiziksel ve asidik aktivasyon
yontemlerine gore daha basarili bulunmustur. Secilen tiim bilesikler i¢in en umut
vaat eden yontemin ise daha yiiksek giderim miktarlart ve hizlart saglamasi
nedeniyle fotokatalitik oksidasyon ve foto-Fenton benzeri oksidasyon yontemleri
olduguna karar verilmistir. Benzoik asit igin en yiiksek giderimin saglandigi
yontemler olan fotokatalitik oksidasyion ve foto-Fenton benzeri oksidasyon ile
biyolojik oksidasyon kiyaslandiginda ayni giderim sonuglarina (90-95 %)
fotokatalitik oksidasyon veya foto-Fenton benzeri oksidasyon ile 2 saatte
ulagilirken biyolojik oksidasyon ile 4 giin gibi uzun siirelerde ulasildigi sonucuna

varilmistir.

Anahtar Soézciikler: Benzoik asit, biyolojik oksidasyon, ceviz kabugu,
endiistriyel atiksu aritimi, ileri oksidasyon yontemleri, p-toluik asit, tereftalik asit.



ABSTRACT

APPLICATION OF ADVANCED OXIDATION AND NOVEL
BIOLOGICAL OXIDATION METHODS FOR TREATMENT OF
TEREPHTHALIC ACID PLANT WASTEWATER

TEKIN, Giilen

MSc in Chemical Eng.
Supervisor: Prof. Dr. Stiheyda ATALAY
January 2015, 138 pages

In this study, treatment of terephthalic acid wastewater by various advanced
oxidation methods and biological oxidation using walnut shells based catalysts
has been studied.

The target compounds to represent terephthalic acid wastewater were
selected as terephthalic acid (TPA), benzoic acid (BA) and p-toluic acid (p-Tol).
Degradation of BA by various advanced oxidation methods such as Fenton-like
oxidation, catalytic wet air oxidation, photocatalytic oxidation, photo-Fenton-like
oxidation and by biological oxidation was investigated. Degradation of
terephthalic acid and p-toluic acid by photocatalytic and photo-Fenton-like
oxidation were also investigated.

The first part was preparation and characterization of metal doped walnut
shells based catalysts. Iron (Fe) or iron-titanium dioxide (Fe-TiO; (1:99)) with a
weight ratio of 10 % were doped to the activated carbon (AC) prepared from
walnut shells by physical and different chemical activation methods such as
acidic, neutral and basic activation. After metal doping Fe/AC and Fe-TiO,/AC
catalysts were obtained.

In the second part of the study, first catalyst screening experiments were
performed to each target compound for methods applied to determine the most
efficient catalyst. Then parametric studies were performed to determine optimum
values of operating conditions. Initial concentration was kept constant as 50 mg/L
for each target compound.



For benzoic acid, neutral Fe-TiO,/JAC catalyst was selected for
photocatalytic and photo-Fenton-like oxidation and highest degradation efficiency
for BA, % 95 degradation was accomplished by photo-Fenton-like oxidation in
80 minutes at optimum operating conditions.

For terephthalic acid, neutral Fe-TiO,/AC catalyst was determined from
catalyst screening experiments for photocatalytic and photo-Fenton-like oxidation
and highest degradation efficiency for TPA in the presence of this catalyst was
accomplished with a degradation efficiency of 90 % in 120 minutes at optimum
operating conditions.

For p-toluic acid, neutral Fe-TiO,/AC catalyst same as other target
compounds was determined for photocatalytic and photo-Fenton-like oxidation.
Highest degradation efficiency for p-Tol in the presence of this catalyst was
accomplished with a degradation efficiency of 70 % in 60 minutes at optimum
operating conditions.

In the third part of the study, biological oxidation of benzoic acid in the
presence of biocatalysts based on walnut shells was investigated. P.chrysosporium
and T.versicolor were selected as microorganisms and immobilized on walnut
shells. P.chrysosporium immobilized on walnut shells were determined as more
successful in biocatalyst screening experiments and in presence of this biocatalyst,
up to 90 % degradation was achieved at optimum conditions in 4 days.

As a conclusion, neutral and basic activation were considered as more
successful than physical and acidic activation based on catalytic performances.
Photocatalytic oxidation and photo-Fenton-like oxidations were determined as the
most promising methods with higher degradation efficiencies and degradation
rates for all target compounds. Comparing biological oxidation, photocatalytic
oxidation, and photo-Fenton-like oxidation of BA in which highest degradation
efficiencies were obtained for BA, the same degradation efficiency (90-95 %)
was achieved in two hours by photocatalytic oxidation and photo-Fenton-like
oxidation where it was achieved in four days by biological oxidation.

Keywords: Advanced oxidation methods, benzoic acid, biological oxidation
industrial wastewater treatment, p-toluic acid, terephthalic acid, walnut shells.
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1.0 INTRODUCTION

Terephthalic acid (1,4-benzenecarboxylic acid) (TPA) and its derivatives
are the most important starting materials for making synthetic products,
especially polyester fiber and plastics. For each ton of TPA manufactured,
approximately 3 - 10 m* wastewater is produced with very high amount of
organic content (5-20 kg/ m® COD) (Zhang et al., 2010). It has been indicated
that exposure to TPA wastewater and the aromatic components can cause harm
to liver, bladder, testis and kidney as well as DNA damage (Zhang, et al., 2011).

The three kind of conventional methods to treat industrial organic
wastewaters including biological degradation, chemical oxidation, and
adsorption have some major limitations. One of most popular biological
methods, activated sludge, is often the most economically, suitably and widely
used method to treat some industrial wastewaters. However, this method can be
applied up wastewaters with a maximum concentration of 50 ppm Biochemical
Oxygen Demand (BOD) or Chemical Oxygen Demand (COD). On the other
hand, another common application, chemical oxidation is also not very efficient
for wastewaters containing refractive organic pollutants due to their low
oxidizing capacity and considered as insufficient to satisfy the discharge
standards. Most of the conventional treatments techniques also generate large
amounts of sludge which need a further treatment. These limitations of the
conventional treatment methods can be overcome by other methods that have
been developed to treat industrial wastewaters containing chemically strong
organics (Abo Farha, 2010). Advanced Oxidation Process (AOPs) is one of these
methods and can be defined as a powerful chemical oxidation process. They are
considered as a feasible option for such biologically persistent wastewater and
widely recognized as highly efficient treatments for recalcitrant wastewater such
as contaminated ground waters, surface waters, and wastewaters containing non
-biodegradable organic pollutants (Andreozzi et al., 1999, Ricciardi, 2006, Oller
etal., 2011).

Advanced oxidation processes (AOPs) are based on the chemical oxidation

of these refractive organics by forming hydroxyl radicals as strong oxidants in



the presence of catalysts. Common AOPs involve Fenton, Fenton-like, photo-
Fenton-like oxidation, wet air oxidation, ozonation, photochemical and
electrochemical oxidation, photocatalytic oxidation, photolysis with H,O, and
O3, high voltage electrical discharge process, radiolysis, and various
combinations of these methods (Abo-Farha, 2010, Oller et al., 2011).

Homogeneous catalysts used in AOPs have several drawbacks such as
leaching of the catalyst to the treated wastewater and generation of secondary
waste. Heterogeneous catalysis becomes forward by using a catalyst support
which increase the stability and ease the recovery of the catalyst (Ramirez et al.,
2007).

The use of activated carbon as a catalyst support has some advantages due
its high surface area (Munter 2001, Puma et al., 2008). Nowadays activated
carbon prepared from organic sources as a raw material gained a big interest.
The use of organic waste as a raw material for activated carbon is recently
preferred because agricultural wastes are cheap, renewable and available at high
quantities. This leads to reuse of organic wastes such as walnut shells which
have no other use in any field (Ekpete and Horsfall, 2011, Ahmed and Dhedan,
2012).

The main objective of this study is investigation the treatment of TPA
wastewater major components which are terephthalic acid, benzoic acid and p-
toluic acid. It was aimed to develop an innovative degradation method for these
major components efficiently by using an organic waste as a catalyst support. In
this context, several AOP methods such as Fenton-like oxidation, catalytic wet
air oxidation, photocatalytic oxidation and photo-Fenton-like oxidation and
biological oxidation were applied in the presence of the catalysts prepared from
walnut shells. Different activation methods such as physical and chemical
activation methods namely acidic, neutral and basic activation were applied and
the effect of activation method of the catalyst support on degradation was to be
searched for. Different methods in the presence of different catalysts prepared
were compared in terms of degradation efficiency and optimum values of

operating parameters were determined. The main contribution of this study to



literature is to improve low degradation efficiencies of these target compounds
by biological oxidation methods and to apply AOPs in the presence of organic
waste catalyst. Furthermore it is aimed to search for the most suitable catalysts
prepared by different activation methods by comparing the catalytic

performances of them.



2.0 THEORETICAL BACKGROUND

2.1. Terephthalic Acid Wastewater

Terephthalic acid (TPA) is a key component in many industries especially
in petrochemical industry. It is widely used in the production of polyester fiber,
non-fiber field, PET-bottle, PET-film, poultry feed additives, dyes, medicines,
synthetic perfumes, pesticides and other chemical compounds. It is among the
top 50 chemicals manufactured in the world with an annual production of 50
million tons in 2009 (Zhang et al., 2010). Its only manufacturer in Turkey is
Petkim Petrochemical Company with an annual production of 60,000 tons in
2011 (PETKIM Petrokimya Holding A.S. Website (Access date: 21.07.2014)).

It is produced via catalytic oxidation of para-xylene in the presence of
cobalt-manganese-bromine catalyst and acetic acid solvent (Huang et al., 2009).
During the production of one ton TPA, approximately 3~4 m® wastewater with
4~10 kg COD m™ is produced in which TPA is identified as a major
contaminant (Shafaei et al., 2010). Other major aromatic compounds found in
TPA wastewater are p-toluic acid/o-toluic acid (p-Tol), benzoic acid (BA), 4-
carboxybenzaldehyde (4-CBA), and acetic acid which are shown in Table 2.1
(Raj et al., 1997, Zhang et al., 2006). The contribution of the five aromatics
towards COD can be more than 75% in the wastewater (Karthik et al., 2008).
The composition of TPA manufacturing process wastewater is shown in Table
2.1 (Thiruvenkatachari et al., 2007).



Table 2.1 Major aromatic compounds found in TPA wastewater and their COD contributions.

(Zhang et al., 2006, Thiruvenkatachari et al., 2007)

Substance

Structural Formula

p-Toluic acid

4-Carboxybenzaldehyde

Benzoic acid

CH 2

Concentration

Contribution to COD

Compound
(mg/L) (mg/L)
Major Pollutants
Terepthalic acid 100 -1600 145 — 2320
Benzoic acid 400 — 600 590 - 1180
p - Toluic acid 0-900 0-1910
0 - Toluic acid 0-900 0-1910
Acetic acid 0-900 0-960

Studies showed that TPA can cause bladder stones and bladder cancer,

impairment of liver, kidney, and testicular functions and DNA damage (Zhang et

al., 2010, Zhang et al., 2010). Furthermore TPA wastewater components are

considered as suspected mutagens and carcinogens and potential disrupting

character for the endocrine system (Huff et al., 1984, Escher et al., 2011). They

have been in the list of priority pollutants by the US Environmental Protection
Agency (Saillenfait et al., 2005, US EPA 1992). Because of its potential threat to

ecosystem and human health, wastewaters containing these compounds must be

treated before discharging to receiving water bodies (Chai et al, 2012).



There have been many physical, chemical and biological methods
developed for the treatment of wastewaters including TPA and its derivatives
(Thiruvenkatachari et al., 2007). Today, the method widely used for the
treatment of these wastewaters is activated sludge process which is also known
as conventional biological method. But these wastewaters are not suitable to be
treated by activated sludge. The Water Pollution Control Regulations published
in 2004 on the Official Newspaper allows wastewaters to be discharged which
have Chemical Oxygen Demand (COD) below 300 ppm for all industries.
However, the studies in the literature show that the COD concentration of the
TPA wastewater treated with activated sludge process is 500 ppm with
maximum removal capacity due to the limitations of activated sludge process
(Pophali et al., 2006).

The limitations of activated sludge process for TPA wastewater occurs
because of their high toxicity and the biorecalcitrant compounds which causes
slow biodegradation, loss of activity of the biomass during degradation, strongly
rate limiting and inhibition of microorganisms of these target organic materials
in the presence of certain compounds (Zhang et al., 2006). Studies show that,
biodegradation of the aromatic compounds follow the order BA > 4-CBA > TPA
> p-Tol which revealed that one of the major COD contributor, p-toluic acid is
the most difficult compound degraded in wastewater and cannot be degraded
completely (Raj et al., 1997, Yang eand Lua, 2003).

2.2 Advanced Oxidation Processes

Oxidation processes commonly employed in water treatment can be
investigated in two categories: conventional oxidation and advanced oxidation
methods. Conventional oxidation involves the addition of an oxidant to the water
that then reacts directly with the target contaminant. Conventional oxidants are
selective, specific oxidants that must be used to remove specific contaminants.
The conventional chemical oxidants used in water treatment include chlorine,
chlorine dioxide, ozone, potassium permanganate, and hydrogen peroxide.
Several of these oxidants are also disinfectants (Crittenden et al., 2012).



Advanced oxidation processes (AOPs) were defined by as near ambient
temperature and pressure water treatment processes which involve the
generation of highly reactive radicals (especially hydroxyl radicals) in sufficient
quantity to effect water purification. Hydroxyl radicals are extraordinarily
reactive species that attack most organic molecules. The kinetics of reaction are
generally first order with respect to the concentration of hydroxyl radicals and to
the concentration of the species to be oxidized (Ricciardi, 2006). AOPs through
which highly oxidizing species like hydroxyl radicals are produced, can provide
innovative methods for efficient treatment of water and wastewater, and these
processes are considered a highly competitive water treatment technology for the
removal of those organic pollutants not treatable by conventional oxidation due
to their high chemical stability and/or low biodegradability (Zhou and He, 2007,
Oller et al., 2011).

Common AOPs involve Fenton and Fenton-like oxidation, photo-Fenton-
like oxidation, wet air oxidation, ozonation, photochemical and electrochemical
oxidation, photocatalytic oxidation, , photolysis with H,O, and Os, high voltage
electrical discharge process, radiolysis, wet oxidation, treatment by electronic
beams or y-beams and various combinations of these methods (Abo-Farha,
2010).

AOPs can be categorized in main groups such as AOPs based on ozone
(O3), AOPs based on H,0,, AOPs based on photocatalysis, hot AOPs, and others
which are mostly combination main AOPs. The main groups and subgroups are

shown in Figure 2.1 schematically (Andreozzi et al., 1999).
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2.2.1 Fenton-like oxidation

Fenton oxidation is one of the most common advanced oxidation processes
and basically defined as the chemical oxidation of organic compounds by
hydrogen peroxide (H,O,) using Fe ions as a catalyst. It has been particularly
attractive because of the advantages it provides such as low costs, the lack of
toxicity of the reagents, the absence of mass transfer limitation due to its
homogeneous catalytic nature, and the simplicity of the technology (Daud and
Hameed, 2010).

The Fenton reaction is chemically very efficient for the removal of organic
pollutants. The overall reaction is a simple redox reaction in which Fe(ll) is
oxidized to Fe(lll) and H,0, is reduced to the hydroxide ion and the hydroxyl
radical.

Fe** + H,0, — Fe’® ++OH +OH

But this reaction is also of biological relevance because for most living
organisms, the alteration of the intracellular concentration of Fe®* and H,O, can
increase the intracellular formation of «OH, leading to DNA and cell damage.
Hence reduction of the ferric ion (Fe**) produced to ferrous ion (Fe?*) by a
second molecule of hydrogen peroxide,

Fe®* +H,0, — Fe™ + HOp +H"

can be used as a regeneration of ferrous ions and it is called Fenton-like

reactions (Spuhler et al., 2010).
2.2.2 Catalytic wet air oxidation

Wet air oxidation (WAOQ) is an attractive technique for industrial
wastewater treatment. WAO involves the combustion of pressurized organic
matter at relatively high temperatures. The main drawback of this technique is its
high energetic requirements. In order to be able to employ milder operating

conditions and reduce the operating costs, catalytic wet air oxidation processes



10

(CWAOQ) have been developed. The presence of catalyst may improve the
overall reaction rate and enhances the removal of reaction intermediates
compounds, which are refractory to the WAO process, improving the formation
of hydroxyl radicals, well-known promoters of the oxidation (Ovejero et al.,
2013).

Wet air oxidation (WAO) and catalytic wet air oxidation processes
(CWADO) using air or pure oxygen as oxidant have been used to treat industrial
wastewaters and these methods are very preferable due to its their effectiveness
on high concentrations of contaminants and being eco-friendly (Kim and Ihm,
2011).

2.2.3 Photocatalytic oxidation

Photocatalytic processes make use of a semiconductor metal oxide as
catalyst and of oxygen as oxidizing agent. Many semiconductor catalysts have
been so far tested, although only TiO; in the anatase form seems to have the
most interesting attributes such as high stability, good performance and low cost.
The initiating event in the photocatalytic process is the absorption of the

radiation with the formation of electron-hole pairs:
TiO, — e + h*

The considerable reducing power of formed electrons allows them to
reduce some metals and dissolved oxygen with the formation of the superoxide
radical ion O,* whereas remaining holes are capable of oxidizing adsorbed H,O
or HO to reactive «OH radicals:

TiO, (h*) + Ho0.g — TiOp + HOaq— +H*

TiO, (") + HOw~ — TiO, +HO4
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These reactions are of great importance in oxidative degradation processes
due to the high concentration of H,O and HO adsorbed on the particle surface
which attackes the organic contaminant to degrade. Most of the contaminants are
oxidized by hydroxyl radicals but some adsorbed contaminant can also be

directly oxidized by electron transfer:

TiOy (h*) + RXag — TiO2 + RXag ™

Unfortunately a significant part of electron-hole pairs recombine thus
reducing the quantum yield. Intensive researches are carried out worldwide to
obtain modified (doped) TiO, with broader absorption spectrum and
characterized by higher quantum yield. Despite the great efforts devoted to the
study of photocatalytic processes no indications have been found in the literature

of their application on industrial scale (Andreozzi et al.,1999).

2.3 Biological Oxidation

Industrial effluent usually contains non-biodegradable pollutants with a
high value of COD/BODs (Biological Oxygen Demand) ratio. In addition, the
existence of toxic chemicals makes the biological treatment more difficult.
Anaerobic sludge systems have various limitations, such as sensitivity to low
temperatures and toxic compounds, the loss of activity due to poor separability
of biomass, and additional equipment requirement for accumulating sludge.
Therefore, there has been a continuous search for other alternatives. A number
of investigations have reported that biofilm systems immobilized on some
carriers also known as packed bed bioreactors are more advantageous due to
accumulation of high concentration of active biomass via microorganism
immobilization (Chen et al., 2007).

Biological oxidation also known as biofiltration, a potential biological
treatment technique is based on the ability of microorganisms (generally
bacteria) to convert, under aerobic conditions, organic pollutants to water,
carbon dioxide and biomass. Biofiltration is considered as a cost-effective

treatment process. Furthermore, in most of the cases no undesirable byproducts
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or secondary emissions are formed which make the process preferred than
conventional activated sludge process (Agarwal et al., 2008).

2.3.1 Cell immobilization

Cell immobilization is a general term that describes many different forms
of cell attachment or entrapment. The technology of immobilized cells can be
applied in biological treatment to enhance the efficiency and effectiveness of
biodegradation. The carrier provides a high specific surface area for microbial
growth and also provides a shelter for bacteria that encountered chemicals
toxicities. The main advantages in the use of immobilized cells in comparison
with suspended ones include the retention in the reactor of higher concentration
of microorganisms, protection of cells against toxic substances, and eliminate

the cost processes of cell recovery and cell recycle (Chen et al., 2008).

2.4 Heterogeneous Catalysis

The common catalysts used in AOPs are metals, metal oxides, photons
(from UV light) and ultrasound. Catalysts can be homogeneous, for which the
catalysts and the reactants are in the same phase; or heterogeneous, for which the
catalysts are in different phases than the reactants. There are wide range of
combinations of oxidants and catalyst that can generates *OH radicals the AOPs

are widely categorized (Umar et al, 2010).

Homogeneous catalysts used in AOPs have several drawbacks such as
leaching of the catalyst to the treated waste and generation of secondary waste.
As an example homogeneously catalyzed reactions in homogeneous Fenton-like
process need up to 50-80 ppm of Fe ions in solution, which is well above the
European Union directives that allow only 2 ppm of Fe ions in treated water to
be dumped directly into the environment. But the removal/treatment of the of the
generated secondary waste at the end of the wastewater treatment is expensive
and needs large amount of chemicals and manpower (Ramirez et al., 2007). In
photocatalytic oxidation applications in which TiO, used as photocatalyst, TiO,

suspensions or agglomerations cannot be removed from the reaction medium
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(Foo and Hameed, 2010). To overcome the disadvantages of the homogeneous
catalysis processes, the immobilization of the catalyst on inert support surfaces
known as heterogeneous catalysis becomes forward. It prevents the drawbacks
of high amount of metals in treated water and secondary waste generation. In
this manner, a catalyst support is used which bonds to the metal ion and that
provides an efficient separation of the catalyst at the end of operation (Pariente
et al., 2008, Duarte et al., 2011).

2.4.1 Activated carbon as catalyst support

Activated carbon materials have been extensively used as adsorbents,
catalysts and catalyst supports for removal of pollutant species from gases or
liquids, and for purification or recovery of chemicals. Pore structure is an
important factor for physical adsorption, while surface chemistry plays a key
role in specific adsorption and surface reactions (Liu et al., 2010).

Recently, activated carbon (AC) has proven to be an excellent catalytic
support in the oxidation of aromatic compounds which have high chemical
resistance to breakage and attrition and easy to recover that increases reusability
of the catalyst. Among their excellent properties, it can be emphasized that their
high surface area, well developed and different porous structure which leads
homogeneous distribution of catalyst and variable surface composition which
determine important differences in their reactivity allows to study the effects of
these features on the catalytic behavior. Specifically in environmental
applications related to wastewater treatments, the structure of activated carbon
plays an important role because the adsorption capacity is determined by both
the porous structure and the chemical nature of the surface. So, it is very
important to understand the role of the activated carbon surface in the
preparation of optimized catalysts in terms of activity and stability. It is well
known that some transition metallic elements like iron promote hydrogen
peroxide decomposition to hydroxyl radicals capable to efficiently oxidize

organic matter (Puma et al., 2008, Rey et al., 2009).
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2.4.2 Activated carbon production

Activated carbon can be produced from any solid precursor either natural
or synthetic. Nowadays activated carbon prepared from agricultural waste
gained big interest. Agricultural wastes are cheap, renewable, safe, available at
large quantities, easily accessible sources and have high carbon and low ash
content (Ahmed and Dhedan, 2012). This leads to reuse of organic wastes such
as walnut shells which have almost no other use in any field for production of

more valuable products like activated carbon (Aworn et al.,2008).

Generally, the activated carbons are manufactured in two stages that is,
carbonization and activation processes. The carbonization process, which
includes drying and then heating, is performed to eliminate byproducts such as
tars and other hydrocarbons (including volatile organic compounds) from the
raw material. The carbonized material is then activated in the second stage by
exposing them to an activating agent. These two carbonization and activation
processes can be combined and the activated carbon can be prepared by
thermally treating the chemical reagent impregnated carbonaceous material
which results a less time and energy consuming process (Yang and Lua, 2003
Ekpete and Horsfall, 2011).

The carbonization process is performed by exposure of heat to the material
in an inert atmosphere to remove volatile organic impurities and obtain pure
carbon structure. Activation is applied to the pure carbon mass by various
chemical reactions resulting the porous structure of the activated carbon
(Nowicki et al., 2010). The activation process can be applied by two different
methods: Physical activation and chemical activation. For physical activation,
heat treatment is applied in CO,, water vapour, air or various gas atmospheres.
These atmospheres react with some of the carbon atoms on the surface by
producing gas and pores are formed. On the other hand chemical activation is
performed by heating the carbon mass in an inert atmosphere after impregnation
of chemical reagents to the carbon mass. The impregnated reagents have the
same role of the gas atmospheres in physical activation and they react with the

carbon structure to create porous structure and retard the formation of tars during
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the carbonization process and increase the carbon yield. The most important and
commonly used chemical activating agents are zinc chloride, potassium

hydroxide and alkaline metals (Kim et al., 2001).

The chemical and physical activation of carbon determine the adsorption
behaviour of activated carbon. The chemical activation usually takes place at a
temperature lower than that used in physical activation, therefore it can improve
the pore development in the carbon structure because the effect of chemicals.
The carbon vyields of chemical activation are higher than physical one
(Ahmadpour and Do, 1997).

Oxidized activated carbon is another common application of activated
carbon as catalyst support especially for treatment of organic pollutants.
Activated carbon as an efficient adsorbent both for metal catalysts and the
contaminants present in wastewater, inhibit the efficiency of the catalyst because
of the strong adsorption of the contaminants instead of catalyst. Oxidation of the
activated carbon causes formation of the surface functional groups which
increase the adsorption of catalysts, selectively. For this purpose, carbonized
material is treated with HNO3 solution to oxidized surface groups (El-Sheikh et
al., 2007).
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3.0 LITERATURE SURVEY

The studies found in literature survey were categorized according to target

compounds, methods, and catalysts.

3.1 Studies About TPA and Derivatives by Biological Methods

In 1997, Raj et al., studied biodegradation of acetic, benzoic, isophthalic,
toluic and terephthalic acids using a mixed culture. They examined the
biodegradation of TPA and its derivatives with traditional active sludge method.
As a result of experiments, p-toluic acid is found as the most difficult compound
degraded in wastewater and only almost 50 % degradation achieved with 48

hours residence time (Raj et al., 1997).

In 2005, Kleerebezem et al. examined the treatment of terephthalic acid
production process wastewater including benzoate, acetate and terephthalate in a
two-stage anaerobic bioreactor. Only acetate and benzoate were degraded at the
first stage in 300 days while no terephthalate degradation was observed during
this time at the same conditions. After 300 days, terephthalate degradation could
be observed. They concluded that using two-stage anaerobic bioreactor for
treatment of terephthalate had many drawbacks which were not easy to overcome
(Kleerebezem et al., 2005).

In 2006, Pophali et al., studied the treatment of purified terephtalic acid
(PTA) effluent using anareobic and aerobic process. An activated sludge process
and upflow anaerobic film fixed bed reactor were used. They concluded that the
treatment of PTA effluent using two stage activated sludge process alone doesn’t
meet treated effluent quality within predescribed standards. They also revealed
that pretreatment of PTA effluents using AFFBR ensured substantial reduction
in BOD (63%) and COD (62%) (Pophali et al.,2006).

In 2006, Zhang et al., investigated the degradability five aromatic
compounds in a pilot wastewater treatment system. Purified terephthalic acid-

manufacturing wastewater was treated aerobically with the microbial fusant in
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the carrier activated sludge process at a pilot wastewater treatment plant.
Biodegradability of p-toluic acid (p-Tol), benzoic acid (BA), 4-
carboxybenzaldehyde (4-CBA), phthalic acid (PA) and terephthalic acid (TA)
was monitored. As a result of the experiments, the biodegradation of the
aromatic compounds monitored followed the order: BA>PA>4- CBA>TA>p-
Tol (Zhang et al., 2006).

3.2 Studies About TPA and Derivatives by AOPs

In 2004, Andreozzi and Marotta, in the study named as “The removal of
benzoic acid in aqueous solution by Fe(Ill) homogeneous photocatalysis”,
investigated treatment of benzoic acid by photo-Fenton oxidation. They focused
on the filtration of Fe(lll) ions by the help of its colloidal structure. They
determined that both Fe(Il) and Fe(lll) ions had the same effect on degradation
efficiency with COD reduction for 60 -70 % and the optimum value for pH is
3.5 (Andreozzi and Marotta, 2004).

In 2006, Thiruvenkatachari et al. investigated degradation of phthalic acids
and benzoic acid from wastewater by advanced oxidation processes. This study
investigates the degradation of three major toxic target organic species, namely
terephthalic acid (TPA), isophthalic acid (IPA), benzoic acid (BA), present in
the TPA wastewater, by several advanced oxidation methods. The performance
of three main oxidation processes such as photo-Fenton oxidation (UV-H,0,-
Fe), photocatalytic ozonation (UV-Os- Fe) and photo-Fenton ozonation (UV-
Os3- H,0,-Fe) were studied. Photo-Fenton ozonation was found to be the most
efficient process by almost complete destruction of target organic species in 30
min (Thiruvenkatachari et al., 2006).

In 2008, Pariente et al. studied “Heterogeneous photo-Fenton oxidation of
benzoic acid in water: Effect of operating conditions, reaction byproducts and
coupling with biological treatment” to investigate degradation of benzoic acid by
photo-Fenton oxidation. They observed that degradation of benzoic acid
increased by increasing the Fenton reagent concentration and decreased by
increasing the initial benzoic acid concentration. Also they investigated the
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aerobic biodegradability of benzoic acid and they found that chemical oxidation
of benzoic acid improved biodegradability of benzoic acid. TiO,- mediated
photocatalysis were used with photo-Fenton-like oxidation method. The results
were obtained as 72% and 16% COD reduction at 150 and 450 mg/L benzoic
acid concentration and also coombining photo-Fenton oxidation with aerobic
post-oxidation led to 77% and 69% overall COD removal at 150 and 450 mg/L
(Pariente et al., 2008).

In 2008, Velegraki et al. published their study “Conversion of benzoic acid
during TiO,- mediated photocatalytic degradation in water” which focused on
photocatalytic oxidation of benzoic acid. It has been concluded that the aromatic
structure had been completely mineralized to CO, and water (Velegraki et al.,
2008).

In 2010, Shafaei et al., investigated the photocatalytic degradation of
terephthalic acid (TPA) using titania and zinc oxide nanoparticles. The effect of
initial pH, catalyst loading, initial TPA concentration and H,O, were studied.
TPA degraded in the presence of only UV light but its rate was very slow while
addition of TiO, and ZnO accelerated the photodegradation of TPA. The
photocatalytic oxidation efficiency increased with increasing light intensity,
irradiation time, catalyst loading up to 2.5 g/L and also by addition of small
amounts of H,O,. The results showed that the pH 6.0 and 9.0 were the optimal
pH for TiO, and ZnO, respectively. It was determined that the photocatalytic
degradation of TPA obeyed the pseudo- first order kinetic reaction in the
presence of both photocatalysts. The experiments show that TiO, and ZnO
photocatalysts can be used as an effective catalyst for the elimination of TPA
from wastewater but in optimized conditions zinc oxide was more efficient
catalyst than TiO,. (Shafaei et al., 2010).

In 2011, Velegraki et al. have another study also focused on degradation of
benzoic acid named as “Wet oxidation of benzoic acid catalyzed by cupric ions:
Key parameters affecting induction period and conversion”. They observed that
the CWO of BA is strongly affected by the reaction temperature and to a lesser
extent by the initial BA concentration, the oxygen partial pressure, as well as by
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the second order interaction between initial BA concentration and oxygen partial
pressure and hydroxylation of the aromatic ring is an important pathway during
the CWO of BA. They achieved complete conversion is achieved within 90—
120 min at relatively mild conditions, e.g. <30 bar oxygen partial pressure,
<180 °C reaction temperature and <40 mg/L metal concentration. (Velgraki et
al., 2011).

In 2007, Yang et al. studied the activities for the CWAO of phenol,
benzoic acid and sulfonic salicylic acid have been investigated in the study
named by ‘‘Removal of salicylic acid on perovskite-type oxide LaFeOj3 catalyst
in catalytic wet air oxidation process’’. They concluded that, with compared to
the very poor activities for phenol and benzoic acid, the activities for salicylic
acid and sulfonic salicylic acid were very high, which are attributed to their

same intramolecular H-bonding structures (Yang et al., 2007).

3.3 Studies About Fe Supported on Activated Carbon Catalysts

In 2006, Quintanilla et al. studied CWAO of phenol with molecular
oxygen using a Fe/Activated Carbon catalyst at mild operation conditions (100-
127°C; 8 atm) in a trickle-bed reactor in their study named by ‘‘Reaction
pathway of the catalytic wet air oxidation of phenol with a Fe/Activated
carbon’’. They found that only acetic acid, one of the reaction intermediates,
showed to be refractory to CWAO under the operating conditions (Quintanilla et
al., 2006).

In 2006, Zazo et al. performed a study on ‘‘Catalytic wet peroxide
oxidation of phenol with a Fe/active carbon catalyst’’. They found that oxidation
of phenol gives rise to highly toxic aromatic intermediates which finally
disappear completely evolving to short-chain organic acids. Some of these last
showed to be fairly resistant to oxidation being responsible for the residual TOC
(Zazo et al, 2006).

The summary of the studies in the literature is given in Table 3.1.



Table 3.1 Summary of literature survey.

TARGET
COMPOUND METHOD/CATALYST RESULT REFERENCE
° Acetic.acid' p-Toluic acid is found as the most difficult
* Benzoic acid Traditional active sludge compound to for biodegradation with almost Rai et al. 1997
e Isophthalic acid method 50 % degradation for 48 hours residence Jetal,
e Toluic acid time.

Terephthalic acid

Purified terephtalic acid

Activated sludge

Reduction in BOD (63%) and COD (62%)

Pophali et al.,2006

effluent

e Benzoic acid o Order of biodegradation was determined

e p-toluic acid Aerobical degradation with % BA_> PA.>4-CBA>TA>p-ToI. - e
e 4-carboxybenaldehyde | microbial fusant e p-toluic acid was the poorest ang et al.,

e Phthalic acid biodegradable compound which cannot

Terephthalic acid

be degraded completely.

0¢



Table 3.1 Continued

Both Fe(ll) and Fe(lll) ions had the

H . .. .
Benzoic acid :OT(;chaizr 0:2 b same effect on degradation efficiency | Andreozzi and Marotta,
ﬁe an ion‘g’ y with COD reduction for 60 -70 % 2004
e The optimum value for pH is 3.5
Phthal_lc a(.:ld e Advanced oxidation Uil es eff_|C|ent method UES Phisite- Thiruvenkatachari et al.,
benzoic acid from fenton ozonation which resulted almost
methods 2006

wastewater

complete destruction in 30 minutes

Benzoic acid

Heterogeneous photo-
Fenton oxidation and
biological treatment

72% and 16% COD reduction at 150
and 450 mg/L benzoic acid
concentration by only Fenton
oxidation

combining photo-Fenton oxidation
with aerobic post-oxidation led to
77% and 69% overall COD removal at
150 and 450 mg/L

Pariente et al., 2008

Benzoic acid

Photocatalytic
degradation in the
presence of TiO,

Complete mineralization of benzoic acid
to CO, and H,O

Velegraki et al., 2008

T¢



Table 3.1 Continued

Terephthalic acid

Activated sludge

TiO, and ZnO photocatalysts can be used
as an effective catalyst

At optimized conditions ZnO was more
efficient than TiO,

Shafaei et al., 2010

Benzoic acid

Photocatalytic wet air
oxidation in the presence
of TIOZ

Complete conversion is achieved within 90—
120 min at relatively mild conditions, e.g.
<30 bar oxygen partial pressure, <180 °C
reaction temperature and <40 mg/L metal
concentration.

Velegraki et al., 2011

e Phenol

e Benzoic acid

e Salicylic acid

e Sulfonic salicylic

Catalytic wet air
oxidation in the presence
of perovskite LaFeO3

Very poor activities for phenol and benzoic
acid due to their aromatic structure, where
almost complete degradation was observed
for salicylic and sulfonic salicylic acid

Yang et al., 2007

acid
Catalytic wet air Only one of the reaction intermediates,
Phenol oxidation in the presence acetic acid was refractory and cannot be Quintanilla et al., 2006
of Fe/AC degraded efficiently
Catalytic wet peroxide I .
. Oxidation of phenol caused formation of
Phenol oxidation in the presence P Zazo et al., 2006

of Fe/AC

highly toxic aromatic intermediates

[44
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4.0 FOREWORD TO STUDY

Many industries recently deal with huge water supply and water
purification problems. Industrial wastewaters contain organic biorecalcitrant
pollutants even being highly dangerous both for humans and environment,
cannot be treated efficiently yet and remain as threat. TPA plant wastewater is

one of them and its treatment has been a great challenge for scientists.

Recent advances in research areas focusing on the treatment of TPA
wastewater have been reviewed. This review revealed that there are very few
studies about treatment of TPA wastewater by AOPs and those studies mostly
involve biological oxidation could not accomplish promising results in terms of

degradation.

The conclusions extracted from literature review assisted and guided in
developing the outline of the study. Main reasons for selection of pollutants,
methods and catalysts according to these conclusions are explained in detail

below.

4.1 The Choice of Pollutants

TPA is being widely used as an important key chemical for many
industrial fields both in Turkey and in world and the amount wastewater
generated during its production is huge. But unfortunately, there is no successful
attempt for degradation of major contaminants in TPA wastewater except for
few studies. These major contaminants are namely terephthalic acid, benzoic
acid, and p-toluic acid. p-Toluic acid is determined as the most refractive
compound present in TPA wastewater in many studies and around 50 %
degradation efficiencies’ were obtained in 48 hours or even longer time periods.
These studies about treatment of TPA and its derivatives are very few as it can
be observed from Literature Survey part and in these studies mostly biological
methods were applied for almost non-biodegradable major contaminants present
in the wastewater. Only promising studies were the ones that applied AOPs to

actual TPA wastewater or synthetic terephthalic acid and benzoic acid



24

contacting wastewater. The results with high degradation efficiencies obtained in
these studies were the motivation for this study. However there was almost no
study on application AOPs to p-toluic acid and there is almost no information
about its efficient degradation. Also there wasn’t any study about applying
different AOPs to TPA and its derivatives to compare methods for each

compound.

Since the studies were missing in literature about application of AOPs for
TPA wastewater in detail and there are many open ends in this field, it has been

selected as the thesis topic.

4.2 The Choice of Methods and Catalyst

4.2.1 The choice of AOPs and biological oxidation

Advanced oxidation processes are known to be highly effective on
especially refractive organic pollutants due to high oxidizing potentials of «OH
radicals which is the basis of AOPs (Zhou and He, 2007). But main limitation of
AOPs is that it is considered as high cost technology because of high energy
consumption and using expensive chemicals. This is why there isn’t any AOP
applied to industry efficiently and widely (Andreozzi et al., 1999). Conventional
methods currently being used such as biological oxidation or incineration are not
sufficient to satisfy discharge standards and/or they may create secondary waste.
AOPs eliminate these drawbacks in theory and this has been proven by many
studies in literature (Oller et al., 2011). Unfortunately from the economical point
of view, application of AOPs have been only in lab-scale in academic researches
and they couldn’t have been adapted in industrial level. One of the main goals of
this study is to reduce cost by achieving high degradation efficiencies in short
time to minimize energy consumption and by using catalysts derived from

organic wastes to minimize use of expensive chemicals.

AOPs namely Fenton-like oxidation, catalytic wet air oxidation and
photocatalytic oxidation were chosen to be applied. The reason of selecting these
methods is they have wide application in recent studies due to some advantages
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they provide such as easy application for Fenton-like oxidation, using non-toxic
chemicals for catalytic wet air oxidation and being effective on highly

recalcitrant organic compounds for photocatalytic oxidation.

There are very few studies with biological methods except for activated
sludge process (Pellegrini et al., 2011). Hence, more effective, ecofriendly, and
economical methods were planned to be developed for the treatment of TPA
wastewater with this study. Furthermore the application of advanced oxidation
techniques and new biological methods were thought to be stimulated for the
treatment of TPA and other aromatic pollutants in industry which leads to

contributions to environmental protection.

4.2.2 The choice of catalyst

Literature survey also showed that recent studies focused on using
heterogeneous catalysis since it eliminates many drawbacks of homogeneous
catalysis such as metal leaching and generation of secondary waste (Ramirez et
al., 2007). Activated carbon has been widely used as catalyst support in many
studies due to the several advantages it provides (Liu et al., 2010). The
activation method is highly essential for distribution of metal catalysts since it
affects specific surface are, pore size and structure. Homogeneous distribution of
catalyst on catalyst support directly affects catalytic activity and reproducibility
of the results. Several activation methods were planned to be applied to compare
the effect of activation methods on catalytic performance. Walnut shells as an
organic precursor were being used for this study as agricultural wastes that have
almost no industrial use and easy to find especially in Turkey. This study aimed
both reuse of an organic waste and to develop and eco-friendly catalyst for

environmental applications.
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5.0 EXPERIMENTAL STUDY

The experimental study has been carried out for selected target compounds
to represent TPA wastewater as terephthalic acid (TPA), benzoic acid (BA) and
p-toluic acid (p-Tol) by chemical and biological oxidation. The study was

performed in four main steps:

e Catalyst Preparation
e Catalyst Characterization
e Catalyst Screening Experiments

e Parametric Study Experiments

In catalyst preparation for chemical oxidation, Fe doped activated carbon
(Fe/AC) catalysts and Fe-TiO, doped activated carbon (Fe-TiO,/AC) catalysts

were prepared by using different physically or chemically activated carbons.

In catalyst characterization for chemical oxidation, all Fe/AC and Fe-

TiO,/AC catalysts prepared were characterized by several analyses.

In catalyst screening experiments for chemical oxidation, all Fe/AC and
Fe-TiO,/AC catalysts prepared were tested in terms of degradation efficiencies
for all target compounds presence in TPA wastewater by different advanced

oxidation methods.

In parametric study experiments for chemical oxidation, the selected
catalysts from catalyst screening experiments were used to determine the

operating conditions of efficient methods for each target compound.

In catalyst preparation for biological oxidation, selected microorganisms

were grown, incubated and immobilized on walnut shells.

In catalyst screening for Dbiological oxidation, immobilized
microorganisms were used as biocatalyst and effects of biocatalyst type, glucose

presence and hydrogen peroxide presence were to be searched for.
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In parametric study for biological oxidation, the optimum values for
operating conditions such as biocatalyst loading, glucose concentration and

hydrogen peroxide concentration.

The schematic representation of the experimental study is given in Figure
5.1.
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Figure 5.1 Schematic representation of experimental study
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5.1 Catalyst Preparation

5.1.1 Catalyst preparation for chemical oxidation

Firstly, activated carbon were prepared from walnut shells by physical and
chemical activation methods and used as a catalyst support. Fe/AC catalysts
were prepared by impregnation of iron ions to the prepared activated carbons

and Fe-TiO,/AC photocatalysts were prepared by Sol-gel method.
The preparation of the catalysts was carried out in two steps. In the first

step, the production of activated carbon was accomplished and in the second

step, the Fe or Fe/TiO, were doped to the prepared activated carbon.

5.1.1.1 Activated carbon preparation

The production of activated carbon involves two main steps: the pre-
treatment and carbonization-activation. Pre-treated walnut shells were activated
by physical activation method and chemical activation methods using different
chemical reagents such as HNO; (acidic), ZnCl, (neutral) and KOH (basic)

activation.

All the preparation procedures are explained in detail, below and also
shown in Figure 5.2 (Choi et al., 2012, Kalderis et al., 2008, Nowicki et al.,
2010, Rambabu et al., 2013, Rey et al., 2011, Tseng, 2007).

Pre-treatment:

The walnut shells were obtained from a local Turkish bazaar and used as
they were obtained without any modifications. In pre-treatment step, walnut
shells were first crushed into smaller particles and ground to increase surface
area. Then they were washed with distilled water to remove impurities and dried
at 110°C for 6 h to remove moisture.
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Carbonization-activation:

For physical activation method, the pre-treated walnut shells were
carbonized at 400 °C for 2 hours under N, flow. Then the carbonized shells were
activated at 800 °C for 2 hours under CO, flow.

For acidic activation method, the pre-treated walnut shells were carbonized
and a pure carbon mass was obtained. Then the carbonized shells were

impregnated with HNOj3 for a weight ratio of 1:1 (walnut shells: HNO3).

For basic and neutral activation methods, the pre-treated walnut shells
were impregnated with the chemical reagents KOH or ZnCl; for a weight ratio
of 1:1 (walnut shells (WS): KOH/ZnCl,). Then impregnated walnut shells were

carbonized and activated at 800°C for 3 hours under N, flow separately.

The activated carbons obtained by different activation methods except for
acidic activation were washed with 1 M HCI to remove inorganic impurities and
then washed with distilled water for neutralization. The activated carbon
obtained by acidic activation was only washed with distilled water for
neutralization because of the previous acid treatment which had already

completed the removal of inorganic impurities.
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5.1.1.2 Metal doping

The Fe/AC and Fe-TiO2/AC catalysts used in this study were prepared by
doping Fe or Fe-TiO, by using impregnation or Sol-gel methods, respectively.
The procedures applied for all activated carbons obtained by all activation
methods are given in detail below.

Fe/AC catalyst preparation:

Ferric ion (Fe*") was attached to the activated carbon by impregnation
method which is widely applied in previous studies (Duarte et al., 2011, Ling et
al., 2011). Fe(NOs)3.9H,0 was used as Fe** ion source and impregnated to the
prepared activated carbon at a weight ratio of 1:10 (Fe:catalyst). After
impregnation, the activated carbon was dried at 110°C for 6 h. Finally, it was

calcinated at 200°C for 4 h. Preparation steps are shown in the Figure 5.3.

- =\
% ‘ Iron Impregnation
) <:] Fe(NO;);.9H,0
1 S
( R Metal
Drying - .
® <:| 110°C,6 h Impregnation

~

S/
{} Step
— -~
Q C:I Calcination
’ _ 200°C,4 h

=

Figure 5.3 Schematic representation of Fe/AC preperation

Fe-TiO,/AC photocatalyst preparation:

The catalyst used in photocatalytic experiments so called as photocatalyst
and consisted of trace amount of iron containing titanium dioxide supported on
activated carbons prepared by different activation methods. Fe ions were used
for improving the photocatalytic activity of TiO, which has been proven in
previous studies (Banic et al., 2011, Teh et al., 2011).
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The photocatalyst (Fe-TiO,/AC) is prepared by Sol-gel method which is
widely used in many studies. It is a convenient low temperature method for
preparation of homogeneous materials, especially inorganic materials which
provides great homogeneous structure in atomic level (Asiltiirk and Sener, 2012,
Huang et al., 2011, Tang et al., 2011).

The preparation of the catalyst was performed in two steps. First, Fe-TiO;
sol (1% Fe, w/w) was prepared which included the use of Fe(NO3)3.9H,0 and
Ti(OBu), as metal precursors. Then, prepared Fe-TiO, sol was mixed with
activated carbon at a weight ratio of 1:10 (Fe-TiO,: photocatalyst). The mixture
was kept under stirring until homogeneous mixture was observed. Photocatalytic

oxidation parameters are shown in Figure 5.4.

The photocatalyst was prepared by following procedure:

Fe-TiO, Sol preparation

Ti(OBu)4 and Fe(NO3)3.9H,0 were dissolved in methanol and mixed.

pH of the mixture was adjusted with NaOH solution for neutral pH
(pH=7) and Fe-TiO, sol was obtained.

Fe-TiO,/AC preparation

e The desired amount of activated carbon is then added to the Fe-TiO, sol.

e Fe-TiO; Sol and activated carbon mixture was kept under stirring until
homogeneous mixture was observed.

e Fe-TiO; Sol coated activated carbon was kept at room temperature for
gelation.

e The catalyst in gel form is vacuum dried to remove methanol and butyl
content.

e The obtained particles are treated at 500°C for 2 h under N, flow for

calcination.
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Figure 5.4 Schematic representation of Fe-TiO,/AC preparation

5.1.2 Catalyst preparation for biolocigal oxidation

Microorganism  for biological oxidation were selected as
Phanerochaete chrysosporium (P. chrysosporium) and Trametes versicolor
(T. versicolor) and purchased as active growing cultures from culture
collection of Germany (DSMZ-Deutsche Sammlung von Mikroorganismen
und Zellkulturen). Active growing cultures were cultivated on potato
dextrose agar (PDA) and malt extract agar plates in darkness for 3 days at
37°C and 26°C, respectively. Agar plates and broth were prepared by
dissolving required amount of potato dextrose/malt extract agar and malt
extract broth in distilled water and sterilized at 121°C for 15 minutes.

Cultivated cultures were transferred to malt extract broth in a round bottom
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flask and incubated for 7 days at 37°C and 26°C, respectively. Malt extract
broth was previously sterilized at 121°C for 2 hours.

After incubation, required amount of walnut shell powder were added
to the broth medium and grown whole cells were immobilized to the walnut
shells. Walnut shell powder was previously sterilized at 121°C for 2 hours.
After immobilization was complete, the immobilized whole cells were
filtered and stored in laboratory jar at 4°C. Schematic overview of
biocatalyst preparation for P. chyrsosporium is given in Figure 5.5. Same
procedure was applied for T. versicolor, too.

Immabilization of

grawn whole cells
to walnut shells
{15g:500 mi -
Walnut
shells/brath)

Figure 5.5 Schematic overview of catalyst preparation for biological oxidation
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5.2 Catalyst Characterization

The catalyst characterization was performed for the activated carbons,
Fe/AC and Fe-TiO,/AC catalysts. The surface morphology of the activated
carbons and the catalysts was observed by scanning electron microscopy (SEM)
(Phillips XL-30S FEG). The crystallinity and metal content were investigated by
the help of powder X-ray diffraction (XRD) (Phillips X’Pert Pro X-ray
diffraction). Additionally, specific surface area by Brunauer, Emmett and Teller
(BET) surface and corresponding area method was performed for the catalyst,
determined as most successful activated carbon and considered as most
successful analysis. All of the analyses were performed in Material Research
Center of Izmir Institute of Technology (IYTE-MAM).

5.3 Experimental Setups and Procedures

5.3.1 Experimental setups

Three different experimental setups were used for Fenton-like oxidation,

catalytic wet air oxidation and photocatalytic/photo-Fenton-like oxidation.

5.3.1.1 Fenton-like oxidation setup

The experimental setup used for Fenton like oxidation experiments
which is given in Figure 5.6, consists of a three necked flask, a magnetic stirrer

and a thermocouple.
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(@ (b)

Figure 5.6 The schematic view (a) and picture of experimental setup (b) of catalytic wet air
oxidation

5.3.1.2 Catalytic wet air oxidation setup

The experimental setup for catalytic wet air oxidation which is given in

Figure 5.7 consists of:

e A bubble column stainless steel reactor of 500 mL volume which is

insulated using glasswool

e Electrical wires wrapped around the reactor to provide heating to the
desired temperature and the reaction temperature controlled by a PID

controller

e A condenser at the top of the reactor which is used to condense the
vapours formed during the reaction and send the condensate back to the

reactor.

Air is fed continuously and distributed in the reactor and a rotameter is used

to adjust the flow rate of the air stream.
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Figure 5.7 The schematic view (a) and picture of experimental setup (b) of catalytic wet air
oxidation

5.3.1.3 Photocatalytic oxidation setup

The experimental set up mainly consists of a photo reactor (1), a magnetic
stirrer (2) and a cooler (3). Water is circulated through the jacket (4) to keep the
reaction temperature constant. The reactor is in a cabinet (5) to avoid release of
radiation. The UV lamp (6) is placed in a quartz tube (7). The samples are taken
from the sample spout (8) during the reaction. The schematic representation of
experimental set up is given in Figure 5.8.

@) (b)

Figure 5.8 The schematic view (a) and picture of experimental setup (b) of photocatalytic

oxidation
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5.3.1.4 Experimental setup for biological oxidation

Batch experiments were carried out in 50 mL beakers in an orbital shaker

with a shaking speed of 200 rpm. The experimental setup is shown in Figure 5.9.

Figure 5.9 Experimental setup for biological oxidation experiments

5.3.2 Experimental procedures

5.3.2.1 Fenton-like oxidation experimental procedure

For a typical run the following procedure is as follows:

¢ Synthetic aqueous target compound solution with an initial concentration
of 50 mg/L was prepared with distilled water for BA or 30% Tetrahydrofuran
(THF)-water solution for TPA nd p-TOL in a 250 ml flask.

¢ Required amount of hydrogen peroxide was added.

¢ Catalyst was added to the wastewater and a sample as an initial sample
was taken.

¢ During the experiments, samples from reaction medium were taken at 10,
20, 30, 40, 60, 80,100 and 120 minutes.

e Experiment was ended at 120 min. pH and volume of the reaction

medium were measured.
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e Samples were diluted with 1:25 ratio of distilled water or with 2:25 ratio
of 30% THF-water solution, respectively.

e The samples were analyzed by using UV/VIS Spectrophotometer.

5.3.2.2 Catalytic wet air oxidation experimental procedure

For a typical run the following procedure is as follows:

e Synthetic aqueous target compound solution with an initial concentration
of 50 mg/L was prepared with distilled water in a 250 ml flask.

e Catalyst was added to the wastewater and a sample as an initial sample
was taken.

¢ The prepared wastewater was charged to the reactor.

e The reaction temperature and pressure were set to the desired values.

e Experiment was ended at 120 min and the gas flow was stopped and the
heater was turned off.

e The reactor was allowed to cool and the final sample was taken. pH and
the volume of the reaction medium were measured.

e Samples were diluted with 1:25 ratio of distilled water.

e The samples were analyzed by using UV/VIS Spectrophotometer.

5.3.2.3 Photocatalytic oxidation experimental procedure

For a typical run the following procedure is as follows:

e Synthetic aqueous target compound solution with an initial concentration
of 50 mg/L was prepared with distilled water for BA or 30% Tetrahydrofuran
(THF)-water solution for TPA and p-TOL in a 250 ml flask.

e Catalyst was added to the wastewater and a sample as an initial sample
was taken.

¢ The prepared wastewater was charged to the reactor.

e The UV lamp was turned on.

¢ During the experiments, samples from reaction medium were taken at 10,
20, 30, 40, 60, 80,100 and 120 minutes.
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e Experiment was ended at 120 min and the UV lamp is turned off, pH and
volume of the reaction medium were measured.

e Samples were diluted 1:25 ratio of distilled water or 2:25 ratio with 30%
THF-water solution, respectively.

¢ The samples were analysed by using UV/VIS Spectrophotometer.

5.3.2.4 Biological oxidation experimental procedure

For a typical run the following procedure is as follows:

e Synthetic aqueous target compound solution with a initial concentration
of 50 mg/L was prepared with distilled water in a 50 ml flask.

eBiocatalyst was added to the wastewater and a sample as an initial
sample was taken.

¢ Required amounts of glucose and/or hyrodgen peroxide were added.

e The prepared wastewater was placed in the orbital shaker.

¢ The speed of shaking was set.

¢ During the experiments, samples from reaction medium were taken every
day.

e Experiment was ended in 5 days, pH and volume of the reaction medium
were measured.

e Samples were diluted 1:25 ratio of distilled water.

¢ The samples were analyzed by using UV/VIS Spectrophotometer.

5.3.3 Analysis

The analysis for all experiments were performed by measuring the
absorbance of the samples at the maximum absorbance wavelength of each
compound in a UV/VIS Spectrophotometer (Thermo Genesys 10S UV-VIS).
The wavelengths for maximum absorbance were determined as 242 nm, 193 nm,

and 236 nm for terephthalic acid, benzoic acid and p-toluic acid, respectively.

The target compound removal efficiency was calculated by the formula

given below:
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mgy — mf
x(%) = ———x 100
0

where my and m¢ were initial and final amount of target compound,

respectively.
5.4 Catalyst Screening Experiments

The catalyst screening experiments were performed for all target
compounds to determine the most efficient catalyst which were used in further
parametric studies. Fe/AC catalysts were used for Fenton like oxidation and
catalytic wet air oxidation and both Fe/AC and Fe-TiO,/AC catalysts were used
for photocatalytic oxidation. All of the experiments were performed two or three
times and average values of degradation efficiencies were used. The data for
change in degradation efficiencies with respect to time is available, but only
final degradation efficiencies at the end of 120 minutes were shown.
Concentration of target compound was kept constant as 50 mg/L for all

experiments.

5.4.1 Catalyst screening experiments for Fenton-like oxidation

Experiments were carried out using Fe/AC catalysts obtained by physical
and chemical (acidic, neutral, basic) activation for Fenton-like oxidation
experiments. For each Fe/AC catalyst, two different catalyst loadings
([Catalyst]) 0.1 and 0.2 g/L, and H,O, concentrations ([H20-]) 3 and 4 mM were

studied. Four conditions studied for each catalyst are shown in Table 5.1.
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Table 5.1 Catalyst screening experiments for Fenton-like oxidation.

) H,0O,
Catalyst Loading _
L) Concentration
’ (mM)
Condition 1 3
0.1
Fenton-like Condition 2 4
Oxidation Condition 3 3
0.2
Condition 4 4

5.4.2 Catalyst screening experiments for catalytic wet air

oxidation

Experiments were carried out using Fe/AC catalysts obtained by physical

and chemical (acidic, neutral, basic activation) for catalytic wet air oxidation of

BA. No catalyst screening and further parametric study were carried out for TPA

and p-TOL since solvent for these compounds were 30% THF-water solution

and THF is very flammable beyond 40°C. For each catalyst, two different

catalyst loadings (0.25 and 0.5 g/L), pressures (1 and 3 bar), and temperatures

(60 and 80°C). Eight conditions studied for each catalyst are shown in Table 5.2.
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Table 5.2 Catalyst screening experiments for catalytic wet air oxidation.

Catalyst Loading | Pressure |Tempeature

(g/L) (bar) (°C)
Condition 1 60
Condition 2 . 80

0.25

Condition 3 60
Catalytic Condition 4 ’ 80
Wet Air Condition 5 60
Oxidation Condition 6 . 80
Condition 7 oS 60
Condition 8 ’ 80

5.4.3 Catalyst screening experiments for photocatalytic oxidation

Experiments were carried out using Fe/AC and Fe-TiO,/AC catalysts

obtained by physical and chemical (acidic, neutral, basic) activation for

photocatalytic oxidation experiments. For each catalyst, two different catalyst
loadings (0.25 and 0.5 g/L) and UV intensities (6 and 8 watt) were studied. Four

conditions studied for each catalyst are shown in Table 5.3.

Table 5.3 Catalyst screening experiments for photocatalytic oxidation.

_ UV light
Catalyst Loading ] .
intensity
(9/L)
(watt)
Condition 1 6
_ 0.25
Photocatalytic | Condition 2 8
Oxidation Condition 3 6
0.5
Condition 4 8
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5.4.4 Catalyst screening experiments for biological oxidation

Experiments were carried out for two different microorganisms (P.
chyrsosporium and T.versicolor) in the presence of biocatalyst only, biocatalyst
and glucose, biocatalyst and hydrogen peroxide and in the presence of
biocatalyst, glucose and hydrogen peroxide. Catalyst screening experiments
carried out for biological oxidation of BA for both microorganisms are shown in
Table 5.4. No catalyst screening and further parametric study were carried out
for TPA and p-TOL since solvent for these compounds were 30% THF-water

solution and THF is very toxic for microorganisms.

Table 5.4 Catalyst screening experiments for biological oxidation.

Biocatalyst H,0,
_ Glucose _
loading Concentration
(9/L)

(9/50 ml) (mM)
Condition 1 0 0
Biological Condition 2 1 0

o 0.25

Oxidation Condition 3 0 5
Condition 4 1 5

5.5 Parametric Study Experiments

Parametric studies were carried out for each target compound and for each
method to improve degradation efficiencies and determine the optimum values
of operating conditions. The most efficient catalysts determined from catalyst
screening experiments for each compound and method were used for this
purpose. The operating parameters and their range varied for different methods.
They are explained for each target compound and each method in detail below.
Concentration of target compound was kept constant as 50 mg/L for all
experiments. All of the experiments were performed two or three times and

average values of degradation efficiencies were used.
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5.5.1 Parametric study for benzoic acid

5.5.1.1 Fenton-like oxidation

The main operating parameters of Fenton-like oxidation can be considered
as catalyst loading, H,O, concentration, temperature and pH. The ranges of these

parameters studied for BA are given in detail in Table 5.5.

Table 5.5 Operating parameters of Fenton-like oxidation for BA and their ranges.

Fenton-like

[BA]=50 mg/L

oxidation of BA

0
Catalyst Loading 0.1
(9/L) 0.2
([HZOZ]:3 mM, TZZSOC, 0 3
pH=4) :
0.4
0
H,0O, Concentration 1
(mM) 2
([Catalyst]=0.3 g/L, T=25°C, 3
pH=4) 4
5
Temperature (°C) 25
([Catalyst = 0.3 g/L, [H,0,] = 50
2 mM, pH=4)
pH 3
([Catalyst = 0.3 g/L, [H,0,] = 4
2 mM, T=25°C) 6

5.5.1.2 Catalytic wet air oxidation

The main operating parameters of catalytic wet air oxidation can be

considered as catalyst loading, pressure, temperature, and air flowrate. The

ranges of these parameters studied for BA are given in detail in Table 5.6.
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Table 5.6 Operating parameters of catalytic wet air oxidation for BA and their ranges.

0
Catalyst Loading 0.25
(9/L) 05
(P=1 bar, T=60°C, v,;=0.92 1
ml/min)
2
40
50
) ] Temperature (°C) 60
Catalytic wet air ([Catalyst]=1 g/L, P=1 bar, 0
oxidation of BA Var=0.92 ml/min) 30
[BA]=50 mg/L 20
Pressure (bar) 1
([Catalyst]=1 g/L, T=50°C, 2
V,i=0.92 ml/min) 3
Air flow rate 0.61
(ml/min) 0.92
([Catalyst]=1 g/L, P=1 bar, 1.36
T=60°C) 1.72

5.5.1.3 Photocatalytic oxidation

The main operating parameters of photocatalytic oxidation can be
considered as catalyst loading, UV light intensity, and pH. The ranges of these
parameters studied for BA are given in detail in Table 5.7.

Table 5.7 Operating parameters of photocatalytic oxidation for BA and their ranges.

0
Catalyst Loading 0.25
(9/L) 0.5
(UV light intensity=6 watt, 1
pH=4)
Photocatalytic 2
oxidation of BA UV light intensity 6

[BA]=50 mg/L

(watt)
([Catalyst]=0.5 g/L, pH=4)

pH
([Catalyst]=0.5 g/L, UV light
intensity=8 watt)

ol w oo
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5.5.1.4 Photo-Fenton-like oxidation

The optimum values of main operation parameters such as catalyst loading
([Catalyst]) and UV light intensity were determined previously for
photocatalytic oxidation since same catalyst screening was used both for
photocatalytic and photo-Fenton-like oxidation. Additionally, effect of H,O,
concentration and initial pH were investigated to search for the effect of initial
pH in the presence of H,O,. The ranges of these parameters studied for BA are

given in detail in Table 5.8.

Table 5.8 Operating parameters of photo-Fenton-like oxidation for BA and their ranges.

H,O, Concentration

(mM)
Photo-Fenton-like ([Catalyst]=0.5 g/L, UV light

. . intensity=8 watt, pH=4)
oxidation of BA

[BA]=50 mg/L o

([Catalyst]=0.5 g/L, UV light

intensity=8 watt, [H,0,]=2
mM)

O |~ wWwORWINEFLIO

5.5.1.5 Biological oxidation

The main operating parameters of biological oxidation can be considered
as biocatalyst loading, glucose and H,O, concentration which was previously
mentioned in catalyst screening experiments for biological oxidation section.
The optimum values of these parameters were to be searched for in parametric
study for biological oxidation. The ranges of these parameters studied are given
in detail in Table 5.9.



49

Table 5.9 Operating parameters of biological oxidation and their ranges.

Biocatalyst Loading 0612255
(9/50 ml) oE
Biological 0
oxidation of BA 0.25
[BA]=50 mg/L Glucose 05
(g/L) 1
1.5

5.5.2 Parametric study for terephthalic acid

5.5.2.1 Parametric study for photocatalytic oxidation

The main operating parameters of photocatalytic oxidation can be
considered as catalyst loading, UV light intensity, and pH. The ranges of these
parameters studied for TPA are given in detail in Table 5.10.

Table 5.10 Operating parameters of photocatalytic oxidation for TPA and their ranges.

0
Catalyst Loading 0.25
(9/L) 0.5
(UV light intensity=6 watt, 1
pH=4)
Photocatalytic 2
oxidation of TPA UV light intensity
[TPA]=50 mg/L (watt)
([Catalyst]=1 g/L, pH=4) 8
pH 3
([Catalyst]=1 g/L, UV light 4
intensity=6 watt) 6

5.5.2.2 Parametric study for photo-Fenton-like oxidation

The optimum values of main operation parameters such as catalyst loading
([Catalyst]) and UV light intensity were determined previously for
photocatalytic oxidation since same catalyst screening was used both for
photocatalytic and photo-Fenton-like oxidation. Additionally, effect of H,0,
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concentration and initial pH were investigated to search for the effect of initial
pH in the presence of H,O,. The ranges of these parameters studied for TPA are

given in detail in Table 5.11.

Table 5.11 Operating parameters of photo-Fenton-like oxidation for TPA and their ranges.

([Catalyst]=1 g/L, UV light
intensity=6 watt, [H,O,]=1

0
H.O, Concentration 1
([Catal t]("f'\f'ﬁ UV light 2

: atalyst]=1 g/L, UV lig
Photo-Fenton-like intensity=6 watt, pH=4) 3
oxidation of TPA 4
[TPA]=50 mg/L pH 3
4
6

mM)

5.5.3 Parametric study for p-toluic acid

5.5.3.1 Parametric study for photocatalytic oxidation

The main operating parameters of photocatalytic oxidation can be
considered as catalyst loading, UV light intensity, and pH. The ranges of these

parameters studied for p-Tol are given in detail in Table 5.12.

Table 5.12 Operating parameters of photocatalytic oxidation for p-Tol and their ranges.

0
Catalyst Loading 0.25
(9/L) 05
(UV light intensity=6 watt, 1
pH=4) >
Photocatalytic
oxidation of p-Tol UV light intensity 6
[TPA]=50 mg/L (watt)
([Catalyst]=0.5 g/L, pH=4) 8
pH 3
([Catalyst]=0.5 g/L, UV light 4
intensity=6 watt) 6
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5.5.3.2 Parametric study for photo-Fenton-like oxidation

The optimum values of main operation parameters such as catalyst loading
([Catalyst]) and UV light intensity were determined previously for
photocatalytic oxidation since same catalyst screening was used both for
photocatalytic and photo-Fenton-like oxidation. Additionally, effect of H,O,
concentration and initial pH were investigated to search for the effect of initial
pH in the presence of H,O,. The ranges of these parameters studied for p-Tol are

given in detail in Table 5.13.

Table 5.13 Operating parameters of photo-Fenton-like oxidation for p-Tol and their ranges.

H,O, Concentration

(mM)

; ([Catalyst]=1 g/L, UV light
Photo-Fenton-like intensity=6 watt, pH=4)
oxidation of p-Tol

[TPA]=50 mg/L pH

([Catalyst]=0.5 g/L, UV light

intensity=6 watt, [H202]=2
mM)

O (| W | hWNFLIO
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6.0 RESULTS AND DISCUSSION

6.1 Catalyst Characterization

The results obtained by SEM, XRD, and BET analyses are shown in
Figure 6.1 through Figure 6.14 and Table 6.1 through Table 6.3.

6.1.1 SEM analysis

SEM analysis was performed by using Everhart-Thornley detector (ETD).
The SEM images of activated carbon, Fe/AC catalysts and Fe-TiO,/AC catalysts
prepared by different activation methods at 20000 times magnification are

shown in Figure 6.1, 6.2, and 6.3 respectively.

SEM images of activated carbons show that all activated carbons consist
of pores which provide high specific surface area. That leads higher adsorption

capacity to attach metal catalyst successfully.

For physical AC, porous structure was obtained in some parts but
unfortunately not homogeneously (Figure 6.1-a). This was due to the
characteristic of the reaction that forms pores during activation process. Carbon
dioxide was used as the activation atmosphere to react carbon structure but using
activation in gas form as atmosphere reduces contact with the carbon structure
which causes decrease in reaction and consequently porous structure
(Ahmadpour and Do, 1997, Nowicki et al.2010).

For acidic AC, oxidizing process was applied to create smaller pores by
creating thinner walls and modify surface chemistry by creating surface
functional groups. Those surface functional groups look different than regular
porous structure (EI-Sheikh et al., 2007). Successful porous structure was
observed for acidic AC. Lighter colored areas indicating surface functional

groups were also observed (Figure 6.1-b).

For neutral AC, porous structure was accomplished less successful than

other activated carbons with smaller pores and more complex pore networks
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were observed. Lighter colored areas indicate Zn ions remained from activation
process due to the reaction between zinc chloride as activation agent and carbon

atoms (Figure 6.1-c).

The most porous structure was obtained by basic activation. Basic AC
images revealed highly porous structure and homogeneous distribution of pores.
Almost no lighter area was observed which indicates pure carbon structure

without any activation reagent remaining, KOH in this case (Figure 6.1-d).

Figure 6.1 SEM images of activated carbons at 20000x times magnifications: (a) physical
activation, (b) acidic activation, (c) neutral activation, (d) basic activation
SEM images of Fe/AC catalysts show that metal impregnation to the

porous structure of activated carbons were performed successfully.

For physical Fe/AC, catalyst lighter spots indicate Fe ions that have higher
atomic number as the darker areas represent carbon atoms with lower atomic
number. Porous structure observed for physical AC disappeared mostly as an
indicator of most of the pores filled with Fe ions which was observed as white

spots (Figure 6.2-a).

For acidic Fe/AC catalyst, lighter areas were less than acidic AC and
homogeneously distributed. This indicates surface functional groups of acidic
AC were preserved and additionally Fe ions were doped successfully which can

be observed from white spots (Figure 6.2-b).

For neutral Fe/AC catalyst, heterogeneous porous structure was observed
as remaining Zn ions from activation step and Fe ions from impregnation step

were filled the pores. Larger and brighter light colored areas were observed
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because of the increase in the amount of high atomic numbered atoms (Fe ions)
(figure 6.2-c).

For basic Fe/AC catalyst, as the porous structure was preserved mostly and

almost no lighter area was detected, it has been concluded that the Fe ions were

attached inside the pores instead of surface (Figure 6.2-d).

Figure 6.2 SEM images of Fe/AC at 20000x times magnifications: (a) physical activation, (b)
acidic activation, (c) neutral activation, (d) basic activation.

For physical Fe-TiO,/AC catalyst, very bright spots were observed which
indicate Fe-TiO, complex structure. However the distribution wasn’t perfectly
homogeneous. This was probably caused by heterogeneous structure of physical
AC which did not allow attachment of Fe-TiO,. The difference between physical
Fe/AC and physical Fe-TiO,/AC catalyst was because Fe-TiO, structure is much
larger than Fe atom (Figure 6.3-a).

For acidic Fe-TiO,/AC catalyst, light areas were homogeneously
distributed and covered most of the surface. Very bright spots represent Fe-TiO,
structure and less light colored areas indicate Fe ions. The difference between
acidic Fe/AC and acidic Fe-TiO,/AC catalyst was because of larger Fe-TiO,
structure as in physical Fe-TiO,/AC catalyst (Figure 6.3-b).

For neutral Fe-TiO,/AC catalyst, light colored areas weren’t observed as
well as the porous structure. The possible reason for that all the pores and
cavities filled by Fe-TiO, structure and this was not visible on the surface
(Figure 6.3-c).
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Figure 6.3 SEM images of Fe-TiO,/AC at 20000x times magnifications: (a) physical activation, (b)
neutral activation, (c) acidic activation.

As a conclusion, images belong to ACs and Fe/AC or Fe-TiO,/AC
catalysts reveal that expected porous structure were obtained and metal content
of the catalyst (Fe** ions or Fe-TiO,) were doped on activated carbons
successfully and mostly homogenously. The results for Fe/AC and Fe-TiO,/AC
are consistent with similar studies in literature (Zazo et al., 2006, Li et al., 2010).

6.1.2 XRD analysis

The XRD patterns of activated carbons, Fe/AC, and Fe-TiO,/AC catalysts
are shown in Figure 6.4 through Figure 6.10.
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1000 -
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Figure 6.4 XRD patterns of physically activated carbon and Fe/AC catalyst
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Figure 6.5 XRD patterns of acidic activated carbon and Fe/AC catalyst
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Figure 6.6 XRD patterns of neutrally activated carbon and Fe/AC catalyst




57

Intensity

1200

1000

800

600

400

200

K
MWM MW IWM‘W”NWLWWWMMMMWWWWM

] WWMMMWMWWWWWWWWMWWWW LT A

—— Basic Fe-AC

= Basic AC

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Position (°20)

Figure 6.7 XRD patterns of basic activated carbon and Fe/AC catalyst
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Figure 6.8 XRD patterns of physically activated carbon and Fe-TiO,/AC catalyst
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Figure 6.9 XRD patterns of acidic activated carbon and Fe-TiO,/AC catalyst
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Figure 6.10 XRD patterns of neutrally activated carbon and Fe-TiO,/AC catalyst

No sharp peak could be seen in XRD patterns of all activated carbons
which indicates low crystallinity. The small peaks observed in 26=24° indicate
low graphitization and it is consistent with the amorphous structure of activated

carbon (Djilani et al., 2012, Senthilkumar et al., 2011). Same amorphous
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patterns were also observed for Fe/AC and Fe-TiO,/AC catalysts due to their

high activated carbon content.

The absence of metal peaks in Fe/AC catalyst patterns can be explained by
very low content of metal in the Fe/AC catalysts. Only XRD pattern belongs to
neutrally activated Fe/AC catalyst resulted a small peak in 20=25° as an
indicator of Zn ions remained from activation step of preparation (Figure 6.6).
The tiny peak observed in pattern of physically activated Fe/AC catalyst shows
that impregnation of Fe®* ions to activated carbon was the least successful
among others (Figure 6.4). Same results were also obtained in similar studies
(Duarte et al. 2011, Ramirez et al., 2011).

The peaks around in 20=25° indicates the anatase phase of TiO, which
colud be clearly observed in patterns of Fe-TiO,/AC catalysts prepared by
physical and neutral activation in Figure 6.8 and 6.10 (Carpio et al., 2005,
Asiltiirk and Sener, 2012). The pattern of Fe-TiO, catalyst prepared by acidic
activation revealed that its TiO, content is lower among the others. Fe®* ion

couldn’t be observed since its content in the catalysts are very low (Figure 6.9).

6.1.3 BET analysis

The BET surface area analysis was only carried out for the catalysts
determined as the most efficient which are basic Fe/AC catalyst for Fenton-like
oxidation and catalytic wet air oxidation of BA, and neutral Fe-TiO,/AC catalyst
for photocatalytic oxidation of TPA and p-Tol. Both activated carbons and Fe or

Fe-TiO, doped activated carbon catalysts are shown in Table 6.1and 6.2.
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Table 6.1 BET surface area results of basic activated carbon and corresponding Fe/AC catalyst.

) Basic Fe/AC
Basic AC
Catalyst
Single Surface Area (p/p°=0.1603) (p/p°=0.1601)
(m*/mg) 997.17 749.23
BET Surface Area
) 961.06 724.86
(m?/mg)
Langmuir Surface 911.91 1207.36
Area (m?/mg)
t-Plot Micropore Area 593.74 828.34
(m*/mg)
t-Plot External 131.12 132.73
Surface Area (m?°/mg)
Pore Size (A) 18.62 20.48
(p/p°= 0.9850) (p/p°= 0.9844)
Pore Volume (cm?/g)
0.4474 0.3711

BET Surface Area analysis showed that the surface area of the basic

activated Fe/AC catalyst is less than basic activated carbon due to the successful

metal impregnation which caused some of the pores get filled by Fe** ions. This

also led to a decrease in pore volume. The pore size almost remained constant

which revealed that the porous structure of the activated carbon has been kept

after metal impregnation. The results are consistent with other studies that

applied same conditions (Tay et al., 2009, Gao et al., 2013)
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Table 6.2 BET surface area results of neutrally activated carbon and corresponding Fe-TiO,/AC

catalyst.
Neutral
Neutral AC Fe-TiO,/AC
Catalyst
Single Surface Area (p/p°=0.1600) (p/p°=0.2000)
(m%/mg) 1333.76 1209.43
BET Surface Area
) 1370.30 1229.54
(m“/mg)
Langmuir Surface 1771.36 1668.83
Area (m?/mg)
t-Plot Micropore Area 321.77 342.26
(m%/mg)
t-Plot External Surface 1048.53 887.28
Area (m?/mg)
Pore Size (A) 18.76 19.55
/p°=0.9843 (p/p°=0.9844
Pore Volume (cm?/g) (lp ) PP )
0.6427 0.6010

BET Surface Area analysis showed that the surface area of the neutrally
activated Fe-TiO,/AC catalyst is less than neutrally activated carbon due to the
successful metal impregnation which caused some of the pores get filled by Fe-
TiO,. This also led to a decrease in pore volume. The pore size almost remained
constant which revealed that the porous structure of the activated carbon has
been preserved after metal impregnation step. The results are consistent with
other studies in which the same conditions were applied (Yorgun et al., 2009,
Oliveira et al., 2009).
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6.2 Benzoic Acid Degradation

6.2.1 Fenton-like oxidation

6.2.1.1 Catalyst screening

Experiments were carried out using Fe/AC catalysts obtained by physical
and chemical (acidic, neutral, basic) activation for Fenton-like oxidation. For
each Fe/AC catalyst, two different catalyst loadings (0.1 and 0.2 g/L) and
hydrogen peroxide (H,O,) concentrations (3 and 4 mM) were tested. The results
for the effect of those different catalyst loadings and H,O, concentrations for
each catalyst are shown in Figure 6.11, 6.12, 6.13 and 6.14.

Final degradation efficiencies for physical Fe/AC catalyst experiments
were almost same and rather low around 10-15 % for each condition tested
(Figure 6.11). Increasing catalyst loading from 0.1 to 0.2 g/L or Hy0O;
concentration from 3 to 4 mM didn’t cause considerable increase in degradation.
Only increase in both catalyst loading and H,O, concentration, increased
degradation slightly which is only 3 % and can be considered as very
insignificant. Hence it can be concluded that physical Fe/AC catalyst was not
successful for Fenton-like oxidation of BA because of low degradation

efficiencies.

40
M [Catalyst] = 0.1 g/L

[Catalyst] =0.2 g/L
30

20

10

Degradation effciency (%)

[H202] =3 mM [H202] = 4 mM

Figure 6.11 Degradation efficiencies obtained by physical Fe/AC ([BA]=50 ppm, T=25°C, pH=4)
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Final degradation efficiencies for acidic Fe/AC were around 5 to 10 %
which were very low. Catalyst loading was effective and increased degradation
efficiencies for both peroxide concentrations. But for 4 mM H,0, concentration
a sharp decrease were observed for both catalyst loadings. Also the increase in
degradation was very low even the catalyst loading was doubled. So it was
concluded that 4 mM H,0, concentration as excess H,O,. For 3 mM however,
increase in catalyst loading had more considerable effect on degradation as an
additional indicator that 4 mM was excess concentration. Nevertheless, all
degradation efficiencies obtained were very low and this catalyst was not
promising for parametric study, too (Figure 6.12).
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Figure 6.12 Degradation efficiencies obtained by acidic Fe/AC ([BA]=50 ppm, T=25°C, pH=4)

Final degradation efficiencies obtained by neutral Fe/AC catalyst was
around 10 to 30 %. The degradation efficiency observed at 0.1 g/L catalyst
loading was 15 % and it was doubled up to 30 % when catalyst loading was also
doubled to 0.2 g/L for both H,O, concentrations. However according to the
change in degradation with respect to time which are not shown here,
degradation was much slower for 4 mM than 3 mM H,O; concentration although
the final degradation efficiencies were the same. There is no considerable
change in final degradation in the change H,O, concentration. In contrast,
increase in catalyst loading had almost doubled the degradation efficiency
(Figure 6.13).
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Figure 6.13 Degradation efficiencies obtained by neutral Fe/AC ([BA]=50 ppm, T=25°C, pH=4)

Final degradation efficiencies obtained by basic Fe/AC catalyst were
around 15 % for low catalyst loadings for both H,O, concentrations. For high
catalyst loading, increase in H,O, concentration from 3 to 4 mM slightly
increased degradation from 20 to 30 %. The effect of H,O, concentration was
not observed at low catalyst loadings due to the lack of enough amount of
catalyst in reaction medium (Figure 6.14).
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Figure 6.14 Degradation efficiencies obtained by basic Fe/AC ([BA]=50 ppm, T=25°C, pH=4)
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Considering final degradation efficiencies; both neutral and basic Fe/AC
catalysts were more successful than acidic and physical Fe/AC catalyst.
However, although the final degradation efficiencies achieved were
approximately same for neutral and basic Fe/AC, basic Fe/AC catalyst achieved
same degradation efficiency in 30—40 minutes where neutral Fe/AC achieved it
in 60-80 minutes.

Hence, further parametric study was performed in the presence of basic
Fe/AC catalyst for Fenton-like oxidation by considering final degradation

efficiencies.

6.2.1.2 Parametric study

Fenton-like oxidation screening experiment results showed that the highest
and fastest degradation efficiency was achieved by Fe/AC catalyst prepared by
one of the chemical activation method, basic activation. So the parametric study
to determine the optimum values of operation conditions was carried out with
basic Fe/AC. In this context, the effects of operational parameters such as
catalyst loading ([Catalyst]), hydrogen peroxide concentration ([H.0O,]) and
initial pH on degradation efficiency were investigated.

Effect of catalyst loading:

The experiments investigating the effect of catalyst loading showed a
significant increase in degradation efficiency due to the increase in catalyst
loading and mostly degradation efficiencies remained constant around 20-40
minutes. When no catalyst was present in reaction medium, degradation
efficiency remained almost constant during the experiment and it was very low
around 5 %. 0.1 g/L catalyst loading achieved almost 20 % degradation in 20
minutes and degradation remained constant beyond that time. The increase in
catalyst loading from 0.1 to 0.2 g/L caused faster and higher degradation
efficiency but the great increase in both degradation efficiency and degradation
rate was accomplished at 0.3 catalyst loading (45 %). Despite further increase in

catalyst loading from 0.3 to 0.4 g/L, degradation efficiencies almost remained
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same with almost same degradation rate where degradation reached its
maximum in 20 minutes for both loadings. Hence the optimum catalyst loading
was determined as [Catalyst]=0.3 g/L with a degradation efficiency of 45 %
(Figure 6.15).
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Figure 6.15 Effect of catalyst loading for basic Fe/AC ([BA]=50 ppm, [H,0,]=3 mM, T=25°C,
pH=4)

Effect of hydrogen peroxide concentration:

The results obtained from the experiments investigating the effect of
hydrogen peroxide concentration showed that it did not have a great influence on
degradation efficiency. When H,0O, was absent in reaction medium, around 40 %
degradation efficiency was achieved. Even though slight increase was observed
in degradation by increasing H,O, concentrations from 1 to 2 mM,
approximately same final degradation efficiencies were achieved around 45 %
for both H,O, concentrations. However degradation was faster for 2 mM, and
additionally degradation behavior observed for 1 mM wasn’t stable as many
oscillations in degradation efficiencies were observed. The increase in
degradation from 2 to 4 mM was also insignificant, so 2 mM was considered as
sufficient enough and no further increase was necessary. Generally, increasing

the concentration until 4 mM increased degradation efficiency approximately to
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the no H,0O, in reaction medium (Figure 6.16). It has been also observed in
previous studies and the reason was thought that the formation of
hydroxyperoxyl radicals (HO¢) in the presence of local excess H,O, which are
less reactive and has almost no role in oxidation reactions (Ji et al., 2011). A
further increase from 4 to 5 mM even caused a decrease in degradation due to
the scavenging effect of excess hydrogen peroxide which was also observed in
many studies about AOPs in the presence of H,O, (Anotai et al. 2010, Chen et
al. 2009, Duarte et al., 2011). So any concentration beyond 4 mM can be
considered as excess hydrogen peroxide in reaction medium. Since the increase
in degradation from 2 to 4 mM was insignificant, the optimum hydrogen
peroxide concentration was determined as around 2 mM with a degradation
efficiency of around 45 % in order to prevent oscillations and observe the

synergic effect of H,O, with other parameters.
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Figure 6.16 Effect of hydrogen peroxide concentration for basic Fe/AC ([BA]=50 ppm,
[Catalyst]=0.3 g/L, T=25°C, pH=4)

Effect of initial pH:
pH had a negative effect on degradation since the target compound,

benzoic acid, is a weak acid and highly sensitive to change in pH. The results

from the initial pH experiments showed that the highest degradation efficiency
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was observed with the lowest pH (pH=3) with a degradation efficiency of nearly
60 % and the degradation reached its maximum in 30 minutes and remained
constant after that which can be considered as very fast. Fenton or Fenton-like
reactions are known to be more effective in acidic reaction medium due to the
Fe?*/Fe®" ions’ higher catalytic activity when pH is in acidic range (pH=2-5)
(Chen et al., 2009, Ramirez et al., 2010). However, Fe leaching from
heterogeneous catalysts is very high when pH is 2 and below (Ramirez et al.,
2010) Additionally, H30, is formed when pH is 2 which enhances the stability
of H,O, that causes a decrease in formation of «OH radicals. Therefore, many
previous studies focused on avoiding initial pH below 3. This was also followed
in this study and initial pH below 3 wasn’t investigated. For the experiment for
initial pH=4 showed that the degradation was not as high as when initial pH=3
which can be explained by decrease in precipitation of Fe* catalyst as FeOOH
which slows down the formation «OH radicals (Ramirez et al. 2010). Increasing
pH from 4 to 6 caused a drastic decrease in degradation. It was very low and
almost remained constant during the experiment due to the formation and
precipitation of the catalyst as Fe(OH)3 which has less catalytic activity (Chen et
al., 2009, Ramirez et al., 2010). Hence the optimum pH was determined as pH=3
with a degradation efficiency of 60 % which also confirmed the theory for
Fenton-like reactions (Figure 6.17). In the case when degradation rate and final
degradation efficiency are very important, optimum initial pH can be taken as
pH=3. However in such a case that corrosion is essential and additional
chemicals for pH adjustment are not desired, optimum initial pH can be taken as

pH=4 which also achieved considerable degradation efficiency.
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Figure 6.17 Effect of initial pH for basic Fe/AC ([BA]=50 ppm, [Catalyst]=0.3 g/L, [H,0,]=2
mM, T=25°C)

Effect of temperature:

Effect of temperature was also investigated by increasing operating
temperature from 25°C (room temperature) to 50°C after determining optimum
values of other parameters. Since there was almost no change in degradation

with temperature, the results have not been presented.

The optimum values of operating parameters for Fenton-like oxidation of
BA with an initial concentration of 50 mg/L in the presence of basic Fe/AC
catalyst were determined as 0.3 g/L for catalyst loading, 2 mM for hydrogen
peroxide concentration, 3 or 4 for initial pH, and 25°C (room temperature) for
temperature with a final degradation efficiency of approximately 60 % in 40

minutes.

6.2.2 Catalytic wet air oxidation

6.2.2.1 Catalyst screening

Experiments were carried out using Fe/AC catalysts obtained by physical
and chemical (acidic, neutral, basic) activation for catalytic wet air oxidation.
For each catalyst, two different catalyst loadings (0.25 and 0.5 g/L) temperatures
(60 and 80°C), and pressures (1 and 3 bar). The results for the effect of those
different catalyst loadings, temperatures, and pressures for each catalyst are
shown in Figure 6.18 to 6.21.

Increasing catalyst loading for physical Fe/AC catalyst decreased
degradation at low pressure whereas increased degradation at high pressures. At
low pressures, the decrease in degradation because of the increase in temperature
was remarkable for both catalyst loadings. On the other hand at high pressure,
temperature change did not have a great effect since the decrease in degradation
was insignificant for low catalyst loadings and almost no change in degradation
at all for high catalyst loadings. Additionally catalyst loading had positive effect
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on degradation due to the increase in loading only at high pressures. The highest
degradation achieved by this catalyst was around 30 % with low catalyst
loading, temperature and pressure which were considered as not successful for
catalytic wet air oxidation of BA (Figure 6.18).
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Figure 6.18 Degradation efficiencies obtained by physical Fe/AC for different temperature and
pressure ([BA]=50ppm, [Catalyst]=0.25-0.5 g/L, pH=4, v,;=0.92 mL/min)

Increasing catalyst loading for acidic Fe/AC catalyst increased degradation
for almost all conditions except in the experiment in which high temperature and
high pressure were applied. This was because of the possible formation of
reaction intermediates or byproducts. For the both catalyst loadings, the effect of
temperature was insignificant because of degradation was almost constant or
slightly decreased. Since there was no degradation efficiency exceeded 20 %,
this catalyst was also considered as not successful (Figure 6.19).
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Figure 6.19 Degradation efficiencies obtained by acidic Fe/AC for different temperature and
pressure ([BA]=50ppm, [Catalyst]=0.25-0.5 g/L, pH=4, v4;=0.92 mL/min)

For neutral Fe/AC, increasing temperature caused significant increase in
degradation. This observation was valid for both catalyst loadings at high
pressure. However at low pressure for catalyst loading was an exception as
degradation efficiency slightly decreased from approximately 21 to 16 %. due to
the increase in temperature. Increasing catalyst loading didn’t have the expected
effect on degradation efficiency, mostly. The final degradation efficiencies
obtained by this catalyst can be considered as successful with degradation
efficiencies around 3040 % (Figure 6.20).
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Figure 6.20 Degradation efficiencies obtained by neutral Fe/AC for different temperature and
pressure ([BA]=50ppm, [Catalyst]=0.25-0.5g/L, pH=4, v,;,=0.92 mL/min)

The increase in catalyst loading for basic Fe/AC catalyst affected
degradation positively only when temperature and pressure were both high. In
other experiments catalyst loading didn’t affect degradation. Temperature was
also insignificant since the degradation efficiencies mostly remained same due to
the temperature changes. Increasing pressure slightly decreased degradation
mostly because of the possible formation of byproducts. Generally, the
degradation efficiencies were around 40-50 % which can also be considered as
successful (Figure 6.21).
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Figure 6.21 Degradation efficiencies obtained by basic Fe/AC for different temperature and
pressure ([BA]=50ppm, [Catalyst]=0.25-0.5 g/L, pH=4, v,;,=0.92 mL/min)

The results showed that since catalysts such as physical and acidic Fe/AC
achieved very low degradation efficiencies, they were eliminated for parametric
study in the first place. When neutral and basic Fe/AC catalysts were compared,
basic Fe/AC was much more promising (40-50 %) and as a result it was selected
for parametric study.

6.2.2.2 Parametric study

Catalytic wet air oxidation screening experiments showed that the highest
degradation efficiency achieved by Fe/AC catalyst prepared by basic activation.
Since up to 50 % degradation efficiency was observed, the parametric study to
determine the optimum values of operation conditions was carried out with this
catalyst. In this context, the effects of operational parameters such as catalyst
loading, temperature, and pressure and air flowrate on degradation efficiency
were investigated. Because of the implementation of CWAO system, there was
no possibility to take samples during the experiment. Consequently, results of
parametric study for CWAO experiments are given only for final degradation
efficiencies without changes in degradation with respect to time.
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Effect of catalyst loading:

The experiments investigating the effect of catalyst loading showed a
significant increase in degradation efficiency due to the increase in catalyst
loading. Very low degradation observed with no catalyst present and it was
probably achieved by thermal decomposition of BA which is around only 4 %.
Addition of catalyst with a loading of 0.25 g/L increased degradation efficiency
up to 50 %. A slight decrease observed in degradation from 0.25 to 0.5 g/L.
These experiments were repeated and same results were observed. Hence
degradation was considered as almost constant for both catalyst loadings 0.25
and 0.5 g/L. Highest increase rate was observed where loading was increased
from 0.5 to 1 g/L for 20 % increase in the degradation efficiency. However the
effect of increase from 1 to 2 g/L on degradation efficiency can be considered as
insignificant which was only 10 % even the catalyst loading was doubled. Hence
the optimum catalyst loading was determined as [Catalyst]=1 g/L with a
degradation efficiency of 70 % (Figure 6.22).
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Figure 6.22 Effect of catalyst loading for basic Fe/AC ([BA]=50 ppm, P=1 bar, T=60°C,pH=4,
V,ir=0.92 ml/min)

Effect of temperature:

The experiments investigating the effect of temperature showed almost no

change in degradation efficiency with respect to increase in temperature from 50
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to 80°C. The only increase observed was from 50 to 60 % when temperature was
increased from 40 to 50°C. The reason that there was no change in degradation
beyond that temperature was compensation between increase in rate constant
and decrease in dissolved O, in reaction medium. The decrease in degradation
efficiency observed at 90°C could be due to the very low amounts of dissolved
air which was so low for oxidizing BA or other reaction intermediates. Hence
since there is no remarkable change in degradation, the optimum temperature

was determined as 50°C with a degradation efficiency of 70 % (Figure 6.23).
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Figure 6.23 Effect of temperature for basic Fe/AC ([BA]=50 ppm, [Catalyst]=1 g¢/L, P=1 bar,
pH=4, v,;=0.92 ml/min)

Effect of pressure:

The experiments investigating the effect of pressure showed a dramatic
decrease in degradation efficiency due to the increase in pressure from 1 bar to 2
bars. This might be explained by formation of byproducts and reaction
intermediates. Further increase from 2 to 3 bars did not affect degradation. Since
there was no chance to take samples from reaction medium in certain time
intervals, only final degradation efficiencies were measured at the end of 120
minutes. Therefore it wasn’t possible to observe if there was any increase in
degradation before 120 minutes and even increase in pressure would increase

degradation rate due to the higher dissolved air in reaction medium, this couldn’t
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be observed. Hence the optimum pressure was determined as 1 bar with a
degradation efficiency of 70 % (Figure 6.24).
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Figure 6.24 Effect of pressure for basic Fe/AC ([BA]=50 ppm, [Catalyst]=1 g/L, T=50°C, pH=4,
V,ir=0.92 ml/min)

Effect of air flowrate:

The experiments investigating the effect of air flowrate showed that the
degradation efficiency only increased from 60 to 70 % when air flowrate was
increased to 0.61 to 0.92 ml/min. Then degradation was almost constant even the
air flowrate was increased from 0.92 to 1.72 ml/min. Hence the optimum air
flowrate was found as 0.92 ml/min with a degradation efficiency of 70 %
(Figure 6.25).
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Figure 6.25 Effect of air flowrate for basic Fe/AC ([BA]=50 ppm, [Catalyst]=1 g/L, P=1 bar,
T=50°C, pH=4)

The optimum values of operating parameters for catalytic wet air oxidation
of BA with an initial concentration of 50 mg/L were determined as 1 g/L for
catalyst loading, 50°C for temperature, 1 bar for pressure, and 0.92 ml/min for

air flow rate with a final degradation efficiency of approximately 70 %.
6.2.3 Photocatalytic and photo-Fenton-like oxidation

6.2.3.1 Catalyst screening

Experiments were carried out using Fe/AC and Fe-TiO,/AC catalysts
obtained by physical and chemical (acidic, neutral, basic) activation for both
photocatalytic and photo-Fenton-like oxidation. For each catalyst, two different
catalyst loadings (0.25 and 0.5 g/L) and UV intensities (6 and 8 watt) were
studied. The results for the effect of those different catalyst loadings and UV
intensities for each catalyst are shown in Figures 6.26 to 6.32.

For physical Fe/AC, degradation efficiencies achieved varied between 20
to 35 %. At low UV light intensity (6 watt), degradation efficiencies were
around 30-35 % and catalyst loading wasn’t effective. For high UV light
intensity however, effect of catalyst loading was observed better. Since
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degradation efficiencies obtained for this catalyst were quite low, it was
considered as not appropriate for further parametric study (Figure 6.26).
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Figure 6.26 Degradation efficiencies obtained by physical Fe/AC ([BA]=50 ppm, T=25°C, pH=4)

The results obtained by acidic Fe/AC showed that increasing UV intensity
increased degradation between 0-30 minutes which are not shown in Figure
6.31. But after 30 minutes although theoretical expectations suggest that higher
UV intensity caused higher degradation, final degradation efficiency was lower.
The reason of the decrease in degradation efficiency as 7 % for higher UV
intensity was probably generation of byproducts during the reaction which made
interferences in analysis. For high catalyst loading, increasing UV intensity
caused higher degradation. For higher UV intensity, increase in catalyst loading
had a positive effect on degradation which was also observed in a similar study
(Pariente et al., 2008). However this positive effect could not be observed for
low UV intensity which is due to the possible low penetration of UV light when
catalyst loading was increased. This catalyst was also considered as not
appropriate for further parametric study because of very low degradation

efficiencies (Figure 6.27).
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Figure 6.27 Degradation efficiencies obtained by acidic Fe/AC ([BA]=50 ppm, T=25°C, pH=4)

With neutral Fe/AC catalyst higher degradation efficiencies were observed
especially at higher catalyst loadings. Very remarkable increase was observed
due to the increase in catalyst loading. But for high catalyst loadings, no
significant effect on degradation could be observed even increase in UV light
intensity However, increasing UV intensity affected degradation more and

positively at low catalyst loading than at high catalyst loading (Figure 6.28).

80 M [Catalyst] = 0.25 g/L
[Catalyst] =0.5 g/L

N w B U1 (o)) ~N
o o o o o o

Degradation effciency (%)

=
o

o

UV = 6 watt UV = 8 watt

Figure 6.28 Degradation efficiencies obtained by neutral Fe/AC ([BA]=50 ppm, T=25°C, pH=4)
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The final degradation efficiencies obtained by basic Fe/AC catalyst were
almost same around 50-60 %. Increasing the UV intensity showed different
behaviours for the two catalyst loading values. For low catalyst loading, there
was an insignificant decrease in degradation by increasing UV intensity.
However there was a remarkable increase at high catalyst loading and this was
caused by very low UV light penetration when UV light intensity was 6 watt and
catalyst concentration was high in reaction medium. Increasing UV light

intensity from 6 watt to 8 watt eliminated this situation by increasing penetration
(Figure 6.29).
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Figure 6.29 Degradation efficiencies obtained by basic Fe/AC ([BA]=50 ppm, T=25°C, pH=4

Further catalyst screening experiments were performed to investigate
effect of TiO, doping to the catalyst on degradation efficiency.

For physical Fe-TiO,/AC catalyst, the degradation efficiencies were
around 40-50 % except for high catalyst loading at low UV light intensity
experiment. There was a sharp decrease caused by increasing catalyst loading at
low UV light intensity from 40 to 15 %. Up to 20 % increase was observed for
high UV light intensity because of increase in catalyst loading. Degradation
efficiencies obtained with this catalyst was quite low so it wasn’t used in

parametric study (Figure 6.30).
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Figure 6.30 Degradation efficiencies obtained by physical Fe-TiO,/AC ([BA]=50 ppm, T=25°C,
pH=4)
For acidic Fe-TiO,/AC catalyst, final degradation efficiencies were around
40 % for all experiments. Both increasing catalyst loading and/or UV light
intensity had no significant effect on degradation since the increases were very

slight due to the increase in catalyst loading and/or UV light intensity (Figure
6.31).
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Figure 6.31 Degradation efficiencies obtained by acidic Fe-TiO,JAC ([BA]=50 ppm, T=25°C,
pH=4)
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Neutral Fe-TiO,/AC catalyst was the most promising catalyst among other
because the final degradation efficiencies were the highest (6070 %) and almost
constant after 60 minutes. Also increases in catalyst loading or UV light
intensity caused increase in degradation and this proves that minimum by-
product formation was accomplished with this catalyst. Furthermore low
penetration of UV light was not observed for this catalyst (Figure 6.32).
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Figure 6.32 [|)_|eg£z;1dation efficiencies obtained by neutral Fe-TiO,/AC ([BA]=50 ppm, T=25°C,
pH=

Final degradation efficiencies for neutral Fe-TiO,/AC catalyst were higher
than others. Neutral Fe/AC and basic Fe/AC catalyst also achieved almost same
degradation efficiencies but there were more oscillations during the experiment
and less stable degradation efficiencies with slower degradation rates were
observed. For neutral Fe-TiO,/AC catalyst however, the effects of operating
conditions were much more consistent with the theory and degradation was
much faster and more stable. Hence neutral Fe-TiO,/AC catalyst was selected
for parametric study for photocatalytic and photo-Fenton-like oxidation of

benzoic acid.
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6.2.3.2 Parametric study for photocatalytic oxidation

Photocatalytic oxidation screening experiments showed that the highest
degradation efficiency (up to 70%) achieved by Fe-TiO,/AC catalyst prepared
by neutral activation. Hence the parametric study for this method to was
performed in the presence of neutral Fe-TiO,/AC. In this context, the effects of
operational parameters such as catalyst loading ([Catalyst]), UV light intensity

and initial pH on degradation efficiency were investigated.

Effect of catalyst loading:

The experiments investigating the effect of catalyst loading showed very
significant increase in degradation. Around 20 % degradation efficiency was
achieved when no catalyst was present in reaction medium but with catalyst
addition at 0.25 g/L loading, degradation efficiency increased from 20 to 40 %.
Degradation efficiency kept on increasing until the loading was 1 g/L. However
when the catalyst loading was doubled from 0.5 to 1 g/L, the increase in
degradation efficiency was only 15 %. Additionally the degradation rate was
almost same for first 20 minutes and remained almost constant after 60 minutes
for both catalyst loadings 0.5 and 1 g/L. Moreover at catalyst loading 1 g/L, the
degradation was unstable with oscillations for first 40 minutes, especially
between 20-40 minutes. Further increase in loading from 1 to 2 g/L caused
faster degradation without oscillations but final degradation efficiencies
achieved were approximately same. The insignificant degradation rate despite
increasing the catalyst amount was due to the decrease in penetration of UV light
because of turbidity of reaction solution (Chen et al., 2009, Rusevova et al.,
2012). By considering degradation rate, stable degradation and final degradation
efficiency, the optimum catalyst loading was determined as [Catalyst] =0.5 g/L
with a degradation efficiency of 70 % (Figure 6.33).
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Figure 6.33 Effect of catalyst loading for neutral Fe-TiO,/AC ([BA]=50 ppm, UV light intensity=6
watt, T=25°C, pH=4)

Effect of UV light intensity:

The experiments investigating the effect of UV light intensity revealed
presence of UV light increased degradation insignificantly. However an increase
in the intensity of UV light had a significant increase in degradation. But for first
80 minutes, degradation achieved with UV light intensity=6 watt was higher
than UV light intensity=8 watt. After 80 minutes, degradation with UV light
intensity=8 watt increases and reached higher than UV light intensity=6 watt.
Since the increase was in last 40 minutes, it was thought that it would be much
higher if further samples were taken after 120 minutes. Additionally when UV
light intensity was 8 watt, energy consumption would be not so high since the
difference between intensities of UV lights was low (6 to 8 watt). Hence the
optimum UV light intensity was determined as UV light intensity=8 watt with a

degradation efficiency of 70 % (Figure 6.34).
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Figure 6.34 Effect of UV light intensity for neutral Fe-TiO,/AC ([BA]=50 ppm,
[Catalyst]=0.5 g/L, T=25°C, pH=4)

Effect of initial pH:

The experiments showed that highest degradation for the effect of pH was
observed for pH=4 which is the natural pH of agqueous benzoic acid solution.
Low degradation efficiencies were observed for pH=3 which remained constant
around 20-30 % between 20 minutes and a small increase to 40 % was observed
in last 20 minutes. This was caused by pH decrease below 3 during oxidation
due to the formation of acidic intermediates. Previous studies concluded that
when pH is below 3, the reduction in photocatalytic activity of Fe** doped TiO.
occurs because of the acidic intermediates which highly inhibit the
photocatalytic activity and this was also observed in the study (Ramirez et al.,
2010). An increase in pH from 4 to 6 also caused a decrease in degradation and
this might be explained by same reason that initial pH of the solution was 4.
When the initial pH was 6, it decreased to almost 4-5 due to the formation of
acidic intermediates during the reaction which also affected photocatalytic
activity negatively. Because pH above 3 causes the activity loss of Fe** ions due
to the formation of Fe(OH)3 in neutral or basic reaction medium as mentioned in
Fenton-like oxidation section (Chen et al., 2009, Ramirez et al., 2010). Hence

the optimum initial pH was determined as pH=4 which provides reaction
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medium pH=3 during reaction with a degradation efficiency of 70 %. However
optimum pH can also be selected as pH=6 by considering corrosion which

achieved almost same degradation efficiencies with pH=4 (Figure 6.35).
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Figure 6.35 Effect of initial pH for neutral Fe-TiO,/AC ([BA]=50 ppm, [Catalyst]=0.5 g/L, UV
light intensity =8 watt, T=25°C)
The optimum values of operating parameters for photocatalytic oxidation
of BA with an initial concentration of 50 mg/L were determined as 0.5 g/L for
catalyst loading, 8 watt for UV light intensity, and 4 or 6 for initial pH with a

final degradation efficiency of approximately 70 % in 60 minutes.

6.2.3.3 Parametric study for photo-Fenton oxidation

The parametric study for photo-Fenton like oxidation was performed by
using the same catalyst (neutral Fe-TiO,/AC) determined from photocatalytic
oxidation catalyst screening experiments. Hence the optimum values of
operational parameters such as catalyst loading ([Catalyst]) and UV light
intensity determined previously for photocatalytic oxidation were applied for
this method. Additionally, effect of H,O, concentration and initial pH were

investigated.
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Effect of H,O, concentration:

When there was no H,O;, present in reaction medium, around 70 %
degradation efficiency was observed which can be considered as high. However
addition of H,0, increased the efficiencies from 70 to 90-95 % with higher
degradation rates compared to the absence of H,O, which caused much slower
and relatively lower degradation. This was accomplished by increasing
generation of *OH radicals which increases its oxidizing potential among many
oxidants and proves that H,0O, assisted UV light and the catalyst in terms of both
degradation rate and degradation efficiency (Anotai et al., 2010, Chen et al.,
2009, Duarte et al., 2011). Unfortunately, the increase in concentration of H,O,
did not show a great increase in degradation due to the formation of
hydroxyperoxyl radicals (HO,*) because of local excees H,O, which was also
observed for Fenton-like oxidation of BA. Therefore it has been concluded that
low concentrations of hydrogen peroxide were sufficient enough to achieve high
degradation efficiencies. By considering degradation rate and final degradation
efficiencies, the optimum hydrogen peroxide concentration could be determined
as 1 or 2 mM. But the degradation wasn’t stable for | mM and many oscillations
were observed. Hence rest of the parametric study was performed with
[H202]=2 mM with a degradation efficiency around 90 % (Figure 6.36).
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Figure 6.36 Effect of H,O, concentration for neutral Fe-TiO,/AC ([BA]=50 ppm, [Catalyst]=0.5
g/L, UV light intensity =8 watt, T=25°C, pH=4)
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Effect of initial pH:

The experiments for the effect of pH for photo-Fenton oxidation showed
that pH did not have very remarkable effect on degradation unlike photocatalytic
oxidation. Even the degradation rate was faster when pH=3, the final
degradation efficiencies were almost same around 90 %. This may be explained
by the presence of hydrogen peroxide which was enough to compensate the
reduction in photocatalytic activity of Fe-doped TiO, due to the changes in pH of
reaction medium. The reason for faster degradation at pH=3 can be explained by
a UV promoted basic Fenton reaction. It dominated the degradation where Fe**
ions as the main catalyst and hydrogen peroxide as the strong oxidant. In this
case, undesirable decomposition of H,O, was the least and catalytic activity of
Fe** ions was the highest when pH=3 (Chen et al., 2009, Ramirez et al., 2010).
But in general the degradation rates were so close for all pHs and final
degradation efficiencies were almost same around 95 %. By considering that, the
optimum pH was determined as pH=4 with a degradation efficiency of 95 %
which does not require additional pH adjustment using extra chemicals. If
corrosion was considered as very essential for the process, optimum pH can also
be taken as 6 with almost same degradation efficiencies with slightly lower
degradation rates (Figure 6.37).

100
90
80
70
60
50

pH=3

pH=4
40 (natural)
30 —¥—pH =6
20

10

Degradation effciency (%)

0 20 40 60 80 100 120 140
Time (min)

Figure 6.37 Effect of initial pH for neutral Fe-TiO,/AC ([BA]=50 ppm, [Catalyst] = 0.5 ¢g/L, UV
light intensity =8 watt, [H,0,]= 2 mM, T=25°C)
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The optimum values of operating parameters for photo-Fenton-like
oxidation of BA with an initial concentration 50 mg/L were determined as 1 or
2 mM for hydrogen peroxide concentration, and 3 or 6 for initial pH with a final

degradation efficiency of approximately 95 % in 80 minutes.

6.2.4 Biological oxidation

6.2.4.1 Catalyst screening

Experiments were carried out for two different microorganisms (P.
chyrsosporium and T.versicolor) in the presence of biocatalyst only, biocatalyst
and glucose, biocatalyst and hydrogen peroxide and in the presence of

biocatalyst, glucose and hydrogen peroxide.

Biological oxidation screening experiments showed that for using free
whole cells, P.chrysosporium was more successful than T.versicolor. Because
the degradation achieved for T.versicolor was only around 50 % where
P.chrysosporium achieved around 75 %. So further catalyst screening
experiments were performed in the presence of immobilized P.chrysosporium on
walnut shells referred as Biocatalyst-PC. The highest degradation efficiencies

for different conditions are shown in Figure 6.38.
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Figure 6.38 Degradation efficiencies obtained by different conditions ([BA]=50 ppm, T=25°C)
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For parametric study using this biocatalyst, the effects of operational
parameters such as biocatalyst loading ([Biocatalyst]) and glucose concentration
([Glucose]) on degradation efficiency were investigated. Since there was no
considerable effect of H,O, concentration on degradation, this parameter wasn’t

investigated in parametric study.

6.2.4.2 Parametric study

The parametric study for biological oxidation of BA was performed by

investigating biocatalyst loading and glucose concentration.

Effect of biocatalyst loading:

The experiments investigating the effect of biocatalyst loading showed that
there was no significant effect of biocatalyst loading since there was no
remarkable change in degradation efficiency (=90 %). This was probably
sufficient amounts of enzymes to catalyze degradation reaction could be
provided for even at the lowest biocatalyst loading. However degradation rate
was doubled when biocatalyst loading was increased from 0.125 g/50 ml to 0.25
0/50ml since degradation efficiencies increased from 35 to 70 % for first day.
Additionally the degradation efficiencies were around 30 % for 0.125 g/50 ml
and same around 65 % for both 0.25 g/50 ml and 0.5 g/50 ml in at the end of
first day. After 4 days sharp decrease in final degradation efficiencies for all
biocatalyst loadings were observed because of the beginning of death phase for
microorganisms. By considering beginning of death phase, degradation rate for
first day and final degradation efficiencies, optimum biocatalyst loading was
determined as 0.25 g/50 ml since degradation rate is very essential for biological
processes for industrial applications that conventional biological processes

applied recently in many industries are known to be very slow (Figure 6.39).
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Figure 6.39 Effect of biocatalyst loading for ((BA]=50 ppm, T=25°C)

Effect of glucose concentration:

The experiments investigating the effect of glucose concentration showed
that final degradation efficiencies decreased slightly from 90 to 65 %with
increase in glucose concentration from 0.25 to 1.5 g/L. The beginning of the
death phase were in 4 days for all experiments consistent with biocatalyst
loading experiments and the decrease observed because of that was sharper for
higher glucose concentrations. Moreover absence of glucose in reaction medium
lead the highest degradation. The reason for that was the severe glucose
inhibition which is commonly observed in biological studies (Masumoto et al.,
2003). In this case, the reason of the inhibition was acidic glucose end products
which decrease pH of intracellular reaction medium and reduce enzymatic
activity (Chen et al., 2003). The inhibition was highest for the highest glucose
concentration which is consistent with the inhibition theory. Hence it was
concluded that absence of glucose is necessary to avoid inhibition and achieve

high degradation efficiencies (Figure 6.40).
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Figure 6.40 Effect of glucose concentration ([BA]=50 ppm, [Biocatalyst]=0.25 ¢/50 ml, T=25°C)

The optimum values of operating parameters for biological oxidation of
BA with an initial concentration of 50 mg/L were determined as 0.25 g/50 mL
for biocatalyst loading, and absence of glucose with a final degradation
efficiency of approximately 90 % in 4 days.

6.3 Terephthalic Acid Degradation

6.3.1 Fenton-like oxidation

Catalyst screening experiments were carried out using Fe/AC catalysts
obtained by physical and chemical (acidic, neutral, basic) activation for Fenton-
like oxidation. For each Fe/AC catalyst, two different catalyst loadings (0.1 and
0.2 g/L) and hydrogen peroxide (H2.0,) concentrations (3 and 4 mM) were
studied.

Unfortunately, almost no degradation was observed with all catalysts.

Hence further parametric study was not performed for Fenton-like oxidation.
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6.3.2 Photocatalytic and photo-Fenton-like oxidation

6.3.2.1 Catalyst screening

Experiments were carried out using Fe/AC and Fe-TiO,/AC catalysts
obtained by physical and chemical (acidic, neutral, basic) activation for
photocatalytic oxidation. For each catalyst, two different catalyst loadings (0.25
and 0.5 g/L) and UV intensities (6 and 8 watt) were studied. The results for the

effect of those different catalyst loadings and UV intensities for each catalyst are
shown in Figure 6.41 to 6.47.

The results obtained for physical Fe/AC catalyst showed that degradation
efficiencies were around 80-90 %. Effects of both increasing catalyst loading
and UV light intensity on degradation were very insignificant. Despite high
degradation efficiencies in general, the degradation wasn’t stable and many
osciallations were observed with rather slower degradation rates. Additionally
no parametric effect could have been observed, so this catalyst was considered

as not appropriate for further parametric study (Figure 6.41).
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Figure 6.41 Degradation efficiencies obtained by physical Fe/AC ([TPA]=50 ppm, T=25°C,
pH=4)
Results obtained with acidic Fe/AC catalyst showed that degradation
efficiencies were around 50 % for low UV light intensity and 80 % for high
catalyst loading. Effect of UV light intensity was observed for both catalyst
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loadings very significantly. However positive effect of catalyst loading wasn’t

observed, increasing catalyst loading slightly decreased degradation for both UV
light intensities (Figure 6.42).
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Figure 6.42 Degradation efficiencies obtained by acidic Fe/AC ([TPA]=50 ppm, T=25°C, pH=4)

Results obtained by neutral Fe/AC catalyst revealed that almost same
degradation efficiencies were obtained around 70 % except for low catalyst
loading and high UV light intensity. Increasing catalyst loading was not
effective when UV light intensity was low. When the UV light intensity was
low, the two parameters (UV light intensity and catalyst loading) were in good
competition, whereas at high UV light intensity due to the possible low

penetration of UV light, this competition could not be investigated (Figure 6.43).
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Figure 6.43 Degradation efficiencies obtained by neutral Fe/AC ([TPA]=50 ppm, T=25°C, pH=4)



94

The results obtained for basic Fe/AC showed that degradation efficiencies
varied from 50 to 70 % depending on experimental conditions. For low UV light
intensity, a decrease in degradation was observed due to the increase in catalyst
loading as a consequence of possible formation of intermediates by preventing
complete mineralization. But for high UV light intensity, considerable increase
in degradation was observed by increasing catalyst loading which means

byproducts weren’t formed (Figure 6.44).
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Figure 6.44 Degradation efficiencies obtained by basic Fe/AC ([TPA]=50 ppm, T=25°C, pH=4

Further catalyst screening experiments were performed to investigate

effect of TiO, doping to the catalyst on degradation efficiency.

Degradation efficiencies for physical Fe-TiO,/AC catalyst were around
80-90 %. Even high degradation efficiencies were achieved; both catalyst
loading and UV light intensity didn’t have any significant effect on degradation.
Hence, no parametric effect was observed. So it was concluded that this catalyst

wasn’t appropriate for further parametric study (Figure 6.45).
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Figure 6.45 Dﬁgrdra)dation efficiencies obtained by physical Fe-TiO,/AC ([TPA]=50 ppm, T=25°C,
pH=
For acidic Fe-TiO, catalyst, degradation efficiencies obtained was around
60-90 %. UV light intensity was only effective for low catalyst loading.
Moreover catalyst loading was also significantly effective for low UV light
intensity. This was because of high UV light intensity concealed the effect of
catalyst loading. Either high catalyst loading and low UV intensity or low

catalyst loading and high UV light intensity was enough for high degradation
efficiencies (Figure 6.46).
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Figure 6.46 Degradation efficiencies obtained by acidic Fe-TiO,/AC ([TPA]=50 ppm, T=25°C,
pH=4)
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Degradation efficiencies achieved for neutral Fe-TiO,/AC catalyst was
around 70-80 % but with high catalyst loading and high UV light intensity up to
90 % degradation was achieved. Increasing UV light intensity at low catalyst
loadings wasn’t effective due to absence of sufficient amount of catalyst in
reaction medium. However it was very effective when catalyst loading was high
to achieve higher degradation. For all experiments especially for high catalyst
loading and high UV light intensity, the degradation efficiencies reached its
maximum almost in 60 minutes which is the half duration time of the
experiment. It remained constant after 60 minutes and stable degradation was
observed (Figure 6.47).
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Figure 6.47 D:g;e;dation efficiencies obtained by neutral Fe-TiO,/AC ([TPA]=50 ppm, T=25°C,
pH=
The results obtained by acidic and neutral Fe-TiO,/AC catalysts are the

highest among all catalysts with 80-90 % degradation efficiencies. But for
physical Fe/AC, physical Fe-TiO,/AC, and acidic Fe-TiO/AC catalysts, very
unstable degradation efficiencies were observed. For neutral Fe-TiO,/AC
however, same final degradation efficiencies were observed with stable
degradation that degradation efficiencies remained generally constant after
60—-80 minutes. Hence further parametric study was performed in the presence of
neutral Fe-TiO,/AC catalyst for photocatalytic oxidation by considering
stability.
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6.3.2.2 Parametric study for photocatalytic oxidation

Photocatalytic oxidation screening experiments showed that the highest
degradation efficiency (up to 90%) achieved by Fe-TiO,/AC catalyst prepared
by neutral activation. Hence the parametric study for this method was performed
in the presence of neutral Fe-TiO,/AC. In this context, the effects of operational
parameters such as catalyst loading ([Catalyst]), UV light intensity and initial pH

on degradation efficiency were investigated.

Effect of catalyst loading:

The results for effect of catalyst loading showed that presence of catalyst
increased degradation very remarkably compared to the degradation obtained
with no catalyst. Addition of catalyst with a loading of 0.25 g/L increased
degradation up to 40 % where only 20 % degradation was achieved by UV light
without catalyst. This was achieved in 40 minutes then remained approximately
same until 120 minutes. Almost same degradation profile was observed for 0.5
g/L catalyst loading and final degradation efficiency increased from 40 to 65 %
because of active sites of catalyst increased which accelerated degradation
(Ramirez et al., 2010, Rusevova et al., 2012). Further increase in catalyst loading
to 1 or 2 g/L resulted almost same final degradation efficiencies but degradation
for 1 g/L catalyst loading was rather slow. The reason for achieving same final
degradation efficiencies for two catalyst loadings can be explained by low
penetration of UV light at high catalyst loading because of turbid reaction
medium as also observed for photocatalytic oxidation of BA with same catalyst
(Chen et al. 2009, Rusevova et al, 2012). Since 20 % increase in degradation
efficiency was observed with 1 g/L and further increase is unnecessary, optimum

catalyst loading was determined as [Catalyst]=1 g/L (Figure 6.48).
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Figure 6.48 Effect of catalyst loading for neutral Fe-TiO,/AC ([TPA]=50 ppm, UV light
intensity=6 watt, T=25°C, pH=4)

Effect of UV light intensity:

According to the results obtained for effect of UV light intensity showed
that presence of UV light has a great influence on degradation. As mentioned
above, only 20 % degradation was achieved in presence of UV light without
catalyst and almost 20 % degradation was also achieved in presence of catalyst
without UV light. Moreover the degradation was around 5 % for first 60 minutes
and slightly increased to 20 %. This proves the synergetic effect of catalyst and
UV light that up to 90 % degradation efficiency was accomplished as observed
in previous studies (Ramirez et al., 2010). When UV light was applied with 6
watt intensity, very fast degradation observed with a final degradation efficiency
of up to 90 %. However increase in UV light intensity from 6 to 8 watt caused a
slight decrease in final degradation efficiency and slower degradation rate. This
was probably caused by formation of reaction intermediates which inhibit
degradation of TPA. So it was concluded that presence of UV light was highly
essential but increase in light intensity was not necessary. Hence optimum UV

light intensity was determined as 6 watt (Figure 6.49).
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Figure 6.49 Effect of UV light intensity for neutral Fe-TiO,/AC ([TPA]=50 ppm, [Catalyst]=1 g/L,
T=25°C, pH=4)

Effect of initial pH:

Results for investigating effect of initial pH for photocatalytic oxidation of
TPA showed that same observations as photocatalytic oxidation of BA were also
obtained. Degradation efficiencies and degradation rate were almost same for
initial pH=3 and pH=4 in first 40 minutes. After 40 minutes, faster and higher
degradation was achieved for pH=4. The reason why slower and lower
degradation was observed for pH=3 is formation of acidic intermediates after 40
minutes which reduced photocatalytic activity of Fe** doped TiO, catalyst as
explained in detail previously (Chen et al., 2009, Ramirez et al., 2010). Unlike
BA, when initial pH=6, there was no degradation until 30 minutes. After 30
minutes very sharp increase was observed and degradation kept increasing with
a high degradation rate. At the end of 120 minutes same final degradation
efficiency was obtained as initial pH=3. It is concluded that for first 40 minutes
acidic intermediates weren’t formed yet so pH remained high and precipitation
of Fe(OH)3 occurred which reduced catalytic activity. After acidic intermediates
were formed, probably pH decreased to 4-5 which was still rather high since the
highest catalytic activity is observed when pH=3, in theory (Chen et al., 2009,
Ramirez et al., 2010). Therefore initial pH=4 provided sufficient decrease in pH
to 3 and resulted with highest degradation efficiency (90 %). Both pH

adjustments decreased degradation efficiency but insignificantly. If degradation
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rate is essential, optimum initial pH can be taken as pH=4 since the degradation
efficiency was around 50-60 % in first 30 minutes where there was no
degradation for pH=6 within the same time interval. But corrosion is another
important issue for chemical processes so if it is needed to be certainly avoided
and low degradation rate can be neglected, optimum initial pH can be taken as
pH=6 (Figure 6.50).
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Figure 6.50 Effect of initial pH for neutral Fe-TiO,JAC ([TPA]=50 ppm, [Catalyst]=1 g¢g/L, UV
light intensity=6 watt, T=25°C)

The optimum values of operating parameters for photocatalytic oxidation
of TPA with an initial concentraton of 50 mg/L in the presence of neutral Fe-
TiO,/AC were determined as 1 g/L for catalyst loading, 6 watt for UV light
intensity, and 4 or 6 for initial pH with a final degradation efficiency of
approximately 90 % in 120 minutes.

6.3.2.3 Parametric study for photo-Fenton-like oxidation

The parametric study for photo-Fenton like oxidation was performed by
using the same catalyst (neutral Fe-TiO,/AC) determined from photocatalytic
oxidation catalyst screening experiments. Hence the optimum values of
operational parameters such as catalyst loading ([Catalyst]) and UV light

intensity determined previously for photocatalytic oxidation were applied for
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this method. Additionally, effect of H,O, concentration and initial pH were
investigated.

Effect of H,O, concentration:

When there was no H,O, in reaction medium, considerable degradation
efficiency was achieved (around 80 %) but the degradation rate was slower in
first 20 minutes comparing to presence of H,O, with a concentration of 1 or 2
mM. Addition of H,O, in reaction medium caused faster degradation but final
degradation efficiencies obtained at the end of 120 minutes were same for no
H.0,, 1 and 2 mM H,0O, concentrations (90 %). The reason for that was
probable formation of hydroxyperoxyl radicals (HO,¢) due to the local excess of
H.O, after 80 minutes as explained in detail previously. So addition of H,O, was
effective for faster degradation but not for final degradation efficiency. Further
increase to 3 and 4 mM showed the scavenging effect of H,O, by very sharp
decrease in degradation rate (Duarte et al., 2011). Final degradation efficiency
was almost same again for 3 mM but it was very low for 4 mM where the
scavenging effect was very severe. It also affected degradation rate as there was
no degradation at first 40 minutes for 4 mM H,O, concentration. Generally, it
can be concluded that H,O, addition was not very necessary, however optimum
H.O, concentration was chosen as [H,02]=1 mM in order to investigate the

synergetic effect of presence of H,O, and initial pH (Figure 6.51).
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Figure 6.51 Effect of H,0, concentration for neutral Fe-TiOyJAC ([TPA]=50 ppm,
[Catalyst]=1 g/L, UV light intensity=6 watt, T=25°C, pH=4)



102

Effect of initial pH:

The effect of initial pH experiments showed that same final degradation
efficiencies obtained for all pH values but degradation rates were quite different.
As explained in detail previously, pH=4 caused the fastest degradation due to the
acidic intermediate formation. Since final degradation efficiencies were same,
the optimum initial pH is highly dependent on the scope of the study. If
degradation rate is essential than optimum initial pH can be taken as pH=4. But
initial pH=6 is much closer to the neutral pH which eliminates corrosion. Hence,
if corrosion must be definitely avoided and degradation rate is not that
important, then optimum initial pH can be taken as pH=6 (Figure 6.52).
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Figure 6.52 Effect of initial pH for neutral Fe-TiO,JAC ([TPA]=50 ppm, [Catalyst] = 1 g/L,
UV light intensity=6 watt, [H,0,]= 1 mM, T=25°C)

The optimum values of operating parameters for photo-Fenton-like
oxidation of TPA with an initial concentration of 50 mg/L were determined as
1 g/L for catalyst loading and 6 watt for UV light intensity from parametric
study for photocatalytic oxidation and 1 mM for hydrogen peroxide
concentration, and 4 or 6 for initial pH from parametric study of photo-Fenton-
like oxidation with a final degradation efficiency of approximately 85 % in 120

minutes.
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6.4 p-Toluic Acid Degradation

6.4.1 Fenton-like oxidation

Catalyst screening experiments were carried out using Fe/AC catalysts
obtained by physical and chemical (acidic, neutral, basic) activation for Fenton-
like oxidation. For each Fe/AC catalyst, two different catalyst loadings (0.1 and
0.2 g/L) and hydrogen peroxide (H.0O,) concentrations (3 and 4 mM) were
studied.

Unfortunately, almost no degradation was observed with all catalysts.
Hence further parametric study was not performed for Fenton-like oxidation.

6.4.2 Photocatalytic oxidation

6.4.2.1 Catalyst screening

Experiments were carried out using Fe/AC and Fe-TiO,/AC catalysts
obtained by physical and chemical (acidic, neutral, basic) activation for
photocatalytic oxidation. For each catalyst, two different catalyst loadings
(0.25 and 0.5 g/L) and UV intensities (6 and 8 watt) were studied. The results for
the effect of those different catalyst loadings and UV intensities for each catalyst

are shown in Figure 6.53 to 6.59.

Results of experiments obtained by physical Fe/AC catalyst showed that
the degradation efficiencies were around 30 % for low UV light intensity. But it
varies between 10 to 50 % for high UV light intensity. So, catalyst loading
wasn’t effective for low UV light intensity. At low catalyst loading, degradation
efficiency increased when UV intensity increased since UV light is highly
essential for catalytic activity. For catalyst loading of 0.5 g¢g/L however,
degradation of p-Tol sharply decreased as UV intensity increased. For catalyst
loading, increase in loading caused decrease in degradation because of possible

low penetration of UV light due to the turbidity of solution. The final
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degradation efficiencies obtained were very low, so it was concluded that this

catalyst was not appropriate for parametric study (Figure 6.53).
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Figure 6.53 ?_'egjildation efficiencies obtained by physical Fe/AC ([p-TOL]=50 ppm, T=25°C,
pH=

Results of experiments obtained by acidic Fe/AC catalyst showed that
degradation efficiencies were between 30-40 %. For low UV light intensity,
effect of catalyst loading was observed. But for high UV light intensity, increase
in UV light intensity concealed the effect of catalyst loading. Additionally low
penetration caused slight decrease due to the increase in catalyst loading for high
UV light intensity. Either high catalyst loading and low UV light intensity or
low catalyst loading and high UV light intensity can be preferred. This catalyst
also achieved rather low degradation. Consequently it was also not used in
parametric study (Figure 6.54).
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Figure 6.54 Degradation efficiencies obtained by acidic Fe/AC ([p-TOL]=50 ppm, T=25°C, pH=4)

Results of experiments obtained by neutral Fe/AC catalyst showed that the
degradation efficiencies were around 40 % except for low catalyst loading at
high UV light intensity. For the effect of UV intensity, at low catalyst loading,
increasing UV intensity had a considerable increase on degradation, as fulfilling
the expectations from theory that UV light intensity accelerating catalysis. On
the other hand, for high catalyst loading, UV intensity had negative effect. By
considering low UV light intensity, catalyst loading was more effective. Final
degradation efficiencies obtained was quite low and this catalyst was not
appropriate for parametric study, too (Figure 6.55).
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Figure 6.55 Degradation efficiencies obtained by neutral Fe/AC ([p-TOL]=50 ppm, T=25°C,
pH=4)
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Results of experiments obtained by basic Fe/AC catalyst showed that there
weren’t any remarkable changes in degradation due to the change in operating
parameters and the degradation efficiencies were around 30 to 50 %. When UV
intensity was increased, final degradation efficiency slightly increased for low
catalyst loading, but it decreased for high catalyst loading. This could be because
of formation of several byproducts. Generally, high UV intensity caused slower
degradation at the beginning of the experiments. However for low catalyst
loading, higher UV intensity yielded relatively higher degradation efficiency at
the end. For catalyst loading effect, degradation remained almost same for high
UV light intensity but it increased when UV light intensity was low. This might
be because of the same reason as observed for UV light intensity. This catalyst
also achieved quite low degradation efficiencies and was not selected for
parametric study (Figure 6.56).
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Further catalyst screening experiments were performed to investigate

effect of TiO, doping to the catalyst on degradation efficiency.

Results obtained by physical Fe-TiO,/AC catalyst showed that all
degradation efficiencies were around 40 %. Generally, high UV intensity yielded
slower degradation for this catalyst. At low catalyst loadings, low UV intensity
achieved around 25 % degradation where high UV light intensity achieved

around 35 % in first 60 minutes. But in terms of final degradation efficiencies,
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increasing catalyst loading or UV intensity had no considerable effect on
degradation. It slightly increased by increasing UV intensity for high catalyst
loading but that increase wasn’t significant. This catalyst was also considered as

not successful and not used in further parametric study (Figure 6.57).

80

W [Catalyst] = 0.25 g/L
70 [Catalyst] = 0.5 g/L
60

w Y w1
o o o

N
o

Degradation effciency (%)

[N
o

o

UV = 6 watt UV = 8 watt

Figure 6.57 Degradation efficiencies obtained by physical Fe-TiO,JAC ([p-TOL]=50 ppm,
T=25°C, pH=4)

For acidic Fe-TiO,/AC catalyst, the final degradation efficiencies varied
between 30-50 %. The increase in UV light intensity caused considerable
increase in degradation for high catalyst loading. Increasing catalyst loading had
significant effect for high UV light intensity. Due to the increase in UV light
intensity, degradation increased for high catalyst loading. In contrast, for low
catalyst loading increasing UV light intensity caused a slight decrease in
degradation probably caused by byproducts. This catalyst also achieved rather
low degradation, so it was considered as not appropriate for parametric study
(Figure 6.58).
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Figure 6.58 D|_e|gr4a)dation efficiencies obtained by acidic Fe-TiO,/AC ([p-TOL]=50 ppm, T=25°C,
pH=

The highest degradation efficiencies were obtained by neutral Fe-TiO,/AC
catalyst compared to the other catalysts. Both increasing catalyst loading and
UV light intensity had remarkable effect on degradation and 70 % degradation
efficiency was achieved. But lower degradation was obtained for high catalyst
loading. Furthermore the degradation behaviors due to the increase in UV light
intensity weren’t same for two catalyst loadings. Degradation increased sharply
at low catalyst loading where it slightly decreased at high catalyst loading. These
were because of low penetration of UV light which is very effective on
degradation. Even increase in UV light couldn’t eliminate this problem.
Therefore there was a great increase in degradation due to the increase in UV
light intensity when catalyst loading was low and UV light penetrated
efficiently. So it was concluded that either increasing catalyst loading or UV
light intensity was sufficient enough for high degradation efficiencies (Figure
6.59).
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Figure 6.59 Degradation efficiencies obtained by neutral Fe-TiO,/AC ([p-TOL]=50 ppm, T=25°C,
pH=4)
Since the results obtained by neutral Fe-TiO,/AC catalyst were highest
among all catalysts with 60—70 % degradation efficiency, further parametric
study was performed in the presence of neutral Fe-TiO,/AC catalyst for

photocatalytic and photo-Fenton-like oxidation.

6.4.2.2 Parametric study for photocatalytic oxidation

Photocatalytic oxidation screening experiments showed that the highest
degradation efficiency (up to 70 %) achieved by Fe-TiO,/AC catalyst prepared
by neutral activation. Hence the parametric study for this method to was
performed in the presence of neutral Fe-TiO,/AC. In this context, the effects of
operational parameters such as catalyst loading ([Catalyst]), UV light intensity

and initial pH on degradation efficiency were investigated.
Effect of catalyst loading:

The results of the experiments for effect of catalyst loading showed that no
degradation was observed when no catalyst was present in reaction medium.
Addition of catalyst with a loading of 0.25 g/L achieved a final degradation
efficiency around 30 %. When catalyst loading was increased from 0.25 to 0.5
g/L, final degradation efficiency increased from 30 to 70 %. Degradation rate

was also much faster at 0.5 g/L catalyst loading as degradation reached its
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maximum in 60 minutes and remained constant after where it was constant in
last 20 minutes at 0.25 g/L loading. However further increase from 0.5 to 1 g/L
caused a drastic decrease both in final degradation efficiency and degradation
rate. The final degradation efficiencies were both same at 0.25 and 1 g/L catalyst
loadings. Only it was faster at 1 g/L loading since degradation remained almost
constant after 40 minutes where it kept increasing until 100 minutes and was
only constant in last 20 minutes at 0.25 g/L catalyst loading. The degradation
behavior observed at 1 g/L catalyst loading was because of very turbid reaction
solution which inhibited the catalytic activity by reducing penetration of UV
light. By considering degradation rates and final degradation efficiencies,
0.5 g/L catalyst loading was selected as optimum with a degradation efficiency
of 70 % (Figure 6.60).

100
90

80

70 L : L A No catalyst
60
50 —¥— [Catalyst] = 0.25 g/L

40
A— [Catalyst] = 0.5 g/L

Degradation effciency %

20
[Catalyst] =1 g/L

10

0 20 40 60 80 100 120 140
Time (min)

Figure 6.60 Effect of catalyst loading for neutral Fe-TiO,JAC ([p-TOL]=50 ppm, UV light
intensity=6 watt, T=25°C, pH=4)

Effect of UV light intensity:

The results of the experiments investigating effect of UV light intensity
showed that no degradation was observed when no UV light was used. By using
a UV light with an intensity of 6 watt, 70 % degradation was achieved and it
remained constant after 60 minutes with significant degradation rate until 60

minutes. For 8 watt however slower and lower degradation was observed. This



111

was also observed in catalyst screening experiments as penetration problem
occurred when catalyst loading was 0.5 g/L and more. By considering
degradation rate for UV light intensity of 8 watt, degradation remained constant
around 40 % between 10 to 80 minutes and a slight increase from 40 to 50 %
was observed at 80 minutes. As degradation rate was slower and final
degradation efficiency was lower with 8 watt UV light intensity, further

parametric study was carried out with UV light intensity = 6 watt (Figure 6.61).
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Figure 6.61 Effect of UV light intensity for neutral Fe-TiO,/JAC ([p-TOL]=50 ppm,
[Catalyst]=0.5 g/L, T=25°C, pH=4)

Effect of initial pH:

For the experiments investigating effect of initial pH showed that only
experiment that degradation could be achieved the experiment carried out with
an initial pH=4 with a degradation efficiency of 70 %. Unfortunately no
degradation was achieved when pH was adjusted to 3 or 6. This was probably
because of decomposition of p-toluic acid by the chemicals used for pH
adjustment. Hence optimum initial pH was determined as 4 with a degradation
efficiency of 70 % (Figure 6.62).
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Figure 6.62 Effect of initial pH for neutral Fe-TiO,/AC ([p-TOL]=50 ppm, [Catalyst]=0.5 g/L, UV
light intensity=6 watt, T=25°C)

The optimum values of operating parameters for photocatalytic oxidation
of p-Tol with an initial concentration of 50 mg/L in the presence of neutral Fe-
TiO,/AC were determined as 0.5 g/L for catalyst loading, 6 watt for UV light
intensity, and 4 for pH with a final degradation efficiency of approximately 70

% in 60 minutes.

6.4.2.3 Parametric study for photo-Fenton-like oxidation

The parametric study for photo-Fenton like oxidation was performed by
using the same catalyst (neutral Fe-TiO,/AC) determined from photocatalytic
oxidation catalyst screening experiments. Hence the optimum values of
operational parameters such as catalyst loading ([Catalyst]) and UV light
intensity determined previously for photocatalytic oxidation were applied for
this method. Additionally, effect of H,O, concentration and initial pH were

investigated.
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Effect of H,O, concentration:

In the experiment for absence of H,O, in reaction medium, considerable
degradation was achieved with a final degradation efficiency of 70 %. When
H.O, was added with a concentration of 1 mM much slower degradation was
observed and the final degradation efficiency reached around 40 % at the end of
120 minutes. The increase from 1 to 2 mM increased degradation rate especially
in first 10 minutes comparing to no H,O, or 1 mM H,0, but with rather lower
final degradation efficiency than no H,O, . Further increase from 2 to 3 mM
caused the same final degradation efficiency (=65 %), and it was that
degradation rate for 2 mM was lower. Consequently it was concluded that
addition of H,O, was not necessary. Despite the observation that the highest
final degradation efficiency was achieved with absence of H,O,, rest of the
parametric study was performed for [H20,]=2 mM in order to investigate the
synergetic effect of addition of H,O, with pH adjustment (Figure 6.63).
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Figure 6.63 Effect of H,0, concentration for neutral Fe-TiO,/AC ([p-TOL]=50 ppm,
[Catalyst]=0.5 g/L, UV light intensity=6 watt, T=25°C, pH=4)

Effect of initial pH:

The results obtained for investigating effect of initial pH showed that the

highest and fastest degradation efficiency achieved when natural pH of aqueous
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p-Tol solution was taken as initial pH with a final degradation efficiency of
approximately 65 %. pH adjustment caused slower degradation rate with lower
final degradation efficiencies. When initial pH was adjusted to 6, the degradation
was too slow and unstable in the first 40 minutes. After 40 minutes, it was more
stable and reached the same final degradation efficiency with the experiment for
initial pH=4. The reason slower and lower degradation behavior especially in
first 40 minutes was probably causes by reduction in photocatalytic activity due
to the precipitation of Fe** ions as previously explained in detail. For initial
pH=3, degradation was rather stable and faster comparing to initial pH=6, but it
was still slower with lower degradation efficiencies than initial pH=4. The
reason for that was also formation of acidic intermediates previously discussed
in detail. By considering these, optimum initial pH was determined as 4 (Figure
6.64).
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Figure 6.64 Effect of initial pH for neutral Fe-TiO,/JAC ([p-TOL]=50 ppm, [Catalyst]=0.5 g/L,
UV light intensity=6 watt, [H,0,]= 2 mM, T=25°C)

The optimum values of operating parameters for photo-Fenton-like
oxidation of p-Tol with an initial concentration of 50 mg/L were determined as
0.5 g/L for catalyst loading and 6 watt for UV light intensity from parametric
study for photocatalytic oxidation and 2 mM for hydrogen peroxide
concentration, and 4 for initial pH from parametric study of photo-Fenton-like
oxidation with a final degradation efficiency of approximately 65 % in 60

minutes.
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7.0 GENERAL CONSIDERATIONS

In first part of the study catalyst preparation and characterization steps for
AOPs were performed. In this context, Fe/AC and Fe-TiO,/AC catalysts were
prepared. Firstly, activated carbons which used as catalyst support both for
Fe/AC and Fe-TiO,/AC catalysts were prepared by different physical and
chemical activation methods such as physical, acidic, neutral and basic
activation. Fe/AC catalysts were prepared by impregnation method and Fe-
TiO,/AC catalysts were prepared by Sol-gel method.

Three different target compounds that represent TPA wastewater were
selected as benzoic acid, terephthalic acid, and p-toluic acid. Methods applied
were various AOPs such as Fenton-like oxidation, catalytic wet air oxidation,
photocatalyic oxidation, and photo-Fenton-like oxidation. Additionally
biological oxidation for benzoic acid was also applied. Degradation experiments
for all target compounds were carried out in two steps and they are explained in

detail below.

In catalyst screenings for AOPs for each target compound, Fe/AC catalysts
were tested for Fenton-like oxidation and catalytic wet air oxidation and both
Fe/AC and Fe-TiO,/AC catalysts were tested for photocatalytic and photo-
Fenton-like oxidation by varying several operating conditions. Most successful

catalysts determined in this part were used for further parametric studies.

In parametric studies for AOPs for each target compound, values of
operating conditions were varied for each method and optimum operating

conditions were determined by considering final degradation.

For biological oxidation, firstly growing and immobilization of
microorganisms were performed. Two different microorganisms were tested for
catalyst screening and optimum values of operating conditions such as
biocatalyst (immobilized microorganism) loading and glucose concentration

were determined for parametric study.
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The comparison of with optimum operating conditions methods for each
target compound BA, TPA and p-Tol with maximum degradation efficiencies

achieved are shown in Table 7.1 in detail.



Table 7.1 Maximum degradation efficiencies for each target compound.
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Optimum values of operating conditions

Degradation

Target Air UV light . Time .
Method Catalyst [Catalyst] Temperature Pressure ) ) [H20;] Initial ] Efficiency
Compound flowrate intensity (min)
(g/L) () (bar) . (mM) pH (%)
(ml/min) (watt)
Fenton-like .
o Basic Fe/AC 0.3 25 - - - 2 3or4 40 60
oxidation
Catalytic wet .
o Basic Fe/AC 1 50 1 0.92 - - - 120 70
air oxidation
Photocatalytic Neutral Fe-
BA o . 0.5 25 - - 8 - 4or6 60 90
oxidation TiO./AC
Photo-Fenton- Neutral Fe-
: o ) 0.5 25 - - 8 2 3or6 80 95
like oxidation TiO/AC
Biological Immobilized
o ) 5 25 - - - - - 4 days 90
oxidation P.chrysosporium
Photocatalytic Neutral Fe-
L . 1 25 - - 6 - 4or6 120 90
oxidation TiO,/AC
TPA
Photo-Fenton- Neutral Fe-
. o . 1 25 - - 6 1 4or6 120 85
like oxidation TiO/AC
Photocatalytic Neutral Fe-
L . 0.5 25 - - 6 - 4 60 70
oxidation TiO/AC
p-TOL
Photo-Fenton- Neutral Fe-
0.5 25 - - 6 2 4 60 65

like oxidation

TiO/AC

LTT
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8.0 CONCLUSIONS

This study aimed at investigation on the treatment of terephthalic acid
plant wastewater by applying advanced oxidation methods using metal doped
walnut shells as catalyst and comparing biological oxidation.

For catalyst preparation as the first part of study, physical and acidic,
neutral and basic activation that represents chemical activation methods were
applied for preparation of activated carbon. Effects of activation method were to
be searched for in terms of porous structure, specific surface area and catalytic
activity. Porous structure and high surface area were required properties for
activated carbons and catalysts for effective adsorption of metals and target
compounds. The characterization results of prepared catalysts showed that both
for activated carbons and catalysts have porous structure and high surface area.
For comparison of activated carbons, neutral and basic activation methods were
determined as the most successful activation methods since the most porous
structure was obtained for basic activated carbon according to SEM analysis and
highest surface area was obtained for neutral AC according to BET analysis.
Additionally, catalytic performances of the catalysts in which these activated
carbons were used as support were also more successful. BET analysis results
showed that basic AC with BET surface area of 961.06 m*mg and neutral AC
with BET surface area of 1370.30 m%mg which are considered as consistent
with similar studies in literature. Also loading of metal catalysts to the catalyst
support were performed successfully according to the peaks in XRD patterns of
all catalysts and also decrease in BET surface area results for basic Fe/AC and
neutral Fe-TiO,/AC catalysts with BET surface areas of 724.86 and 1229.54
m?/mg, respectively. Comparisons of catalytic performances of Fe/AC and Fe-
TiO, AC catalysts are explained below in detail for different target compounds

and methods.

In the second part of the study, firstly the effect of activation method on
catalytic performance for degradation of benzoic acid, terephthalic acid and p-
toluic acid was investigated by determining the most efficient catalyst which

yielded higher degradation for Fenton-like oxidation, catalytic wet air oxidation
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and photocatalytic oxidation. Different cases by changing operational conditions
of each method were applied for each catalyst and the degradation efficiencies
were compared. After catalyst screening experiments, parametric studies were
carried out to determine the optimum operating conditions and improve

degradation efficiencies by using the most efficient catalyst.

Benzoic acid treatment results

Catalyst screening experiments for Fenton-like oxidation and catalytic wet
air oxidation of BA revealed that basic Fe/AC catalyst was more successful.
Catalyst screening experiments for photocatalytic and photo-Fenton-like
oxidation showed that neutral Fe-TiO,/AC catalyst was more successful. Hence
parametric studies for Fenton-like oxidation and catalytic wet air oxidation were
carried out with basic Fe/AC catalyst and parametric studies for photocatalytic
oxidation and photo-Fenton-like oxidation were carried out with neutral Fe-
TiO,/AC catalyst.

For parametric studies, 60 % degradation efficiency was achieved by
Fenton-like oxidation in the presence of basic Fe/AC catalyst at optimum
operating conditions as 0.3 g/L for catalyst loading, 2 mM for H,0,
concentration, 3 for initial pH, and 25°C (room temperature) for temperature. By
catalytic wet air oxidation, 70 % was achieved in the presence of same catalyst,
basic Fe/AC at optimum operating conditions as 1 g/L for catalyst loading, 50°C
for temperature, 1 bar for pressure, 0.92 ml/min for air flowrate. However
despite the degradation efficiency achieved by CWAO was relatively higher, the
optimum catalyst loading was three times the optimum catalyst loading for
Fenton-like oxidation. Moreover Fenton-like oxidation was carried out in milder
conditions, in other words at room temperature and atmospheric pressure. For
photocatalytic and photo-Fenton-like oxidation in the presence of neutral Fe-
TiO,/AC catalyst, much higher degradation efficiencies up to 90-95 % were
achieved and the highest degradation efficiency was achieved by photo-Fenton-
like oxidation with a final degradation efficiency of 95 % in 80 minutes at
optimum operating conditions as 0.5 g/L catalyst loading, 8 watt for UV light

intensity, 2 mM for H,0O, concentration, and 3 or 6 for initial pH. Comparing
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Fenton-like oxidation and photo-Fenton-like oxidation (which is basically UV
assisted Fenton-like oxidation) in terms of degradation rate and degradation
efficiencies, degradation rates were almost same but final degradation
efficiencies increased from 60 to 95 % only by additional UV assisted TiO,

doped catalyst.

The most efficient method for benzoic acid was selected as photo-Fenton-
like oxidation in the presence of neutral Fe-TiO,/AC catalyst with a final
degradation efficiency of 95 % at optimum operating conditions as 0.5 g/L
catalyst loading, 8 watt for UV light intensity, 2 mM for H,O, concentration,
and 3 or 6 for initial pH.

Terephthalic acid treatment results

Catalyst screening experiments for Fenton-like oxidation showed that
unfortunately no degradation observed with any catalyst. Catalytic wet air
oxidation couldn’t be performed because of use of Tetrahydrofuran in aqueous
solution of TPA which has very low flaming temperature. For catalyst screening
for photocatalytic and photo-Fenton-like oxidation, neutral Fe-TiO,/AC catalyst
was more successful same as BA. Hence parametric studies parametric studies
for photocatalytic oxidation and photo-Fenton-like oxidation were carried out
with neutral Fe-TiO,/AC catalyst.

For parametric studies in the presence of neutral Fe-TiO,/AC catalyst, for
photocatalytic and photo-Fenton-like oxidation, 85-90 % degradation
efficiencies were achieved at optimum operating conditions as 1 g/L catalyst
loading, 6 watt for UV light intensity, 1 mM for H,O, concentration, and 4 or 6
for initial pH. The highest degradation efficiency was achieved by photocatalytic
oxidation with a final degradation efficiency of 90 % and a slight decrease was
observed for photo-Fenton-like oxidation as the final degradation efficiency was

85 % but degradation rates were almost same.

The most efficient method for terephthalic acid was selected as

photocatalytic oxidation in the presence of neutral Fe-TiO,/AC catalyst with a
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final degradation efficiency of 90 % at optimum operating conditions as 1 g/L
catalyst loading, 6 watt for UV light intensity, 1 mM for H,O, concentration,

and 4 or 6 for initial pH.

p-Toluic acid treatment results

Catalyst screening experiments for Fenton-like oxidation of p-Tol showed
that unfortunately no degradation was accomplished with any catalyst. Catalytic
wet air oxidation also couldn’t be performed because of same reason as TPA.
Neutral Fe-TiO,/AC catalyst was again more successful for catalyst screening
for photocatalytic and photo-Fenton-like oxidation same as BA and TPA. Hence
parametric studies parametric studies for photocatalytic oxidation and photo-

Fenton-like oxidation were carried out with neutral Fe-TiO,/AC catalyst.

For parametric studies in the presence of neutral Fe-TiO,/AC catalyst, up
to 65—70 % degradation efficiencies were achieved for photocatalytic and photo-
Fenton-like oxidation at optimum operating conditions as 0.5 g/L catalyst
loading, 6 watt for UV light intensity, 2 mM for H,O, concentration, and 4 for
initial pH. The highest degradation efficiency was achieved by photocatalytic
oxidation with a final degradation efficiency of 70 % and the same decrease
observed for TPA was also observed for photo-Fenton-like oxidation as the final

degradation efficiency was 65 % but degradation rates were also almost same.

The most efficient method for p-toluic acid was selected as photocatalytic
oxidation in the presence of neutral Fe-TiO,/AC catalyst with a final degradation
efficiency of 70 % at optimum conditions as 0.5 g/L catalyst loading, 6 watt for

UV light intensity, 2 mM for H,O, concentration, and 4 for initial pH.

General comparison for catalysts and AOPs

As a general comparison of activation methods for efficient degradation of

target compounds by AOPs is one of the main goals of this study:
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Physical and acidic activation for activated carbon preparation were
considered as less successful than neutral and basic activation in terms of
catalytic activity according to the catalyst screening experiments

The highest catalytic activities for Fenton-like oxidation and catalytic wet air
oxidation belong to basic Fe/AC catalyst and it can be possibly explained that
basic Fe/AC catalyst has high surface area with higher adsorption capacity
which provided contact for target compounds as pollutants and metals as
catalysts

Neutral Fe-TiO,/AC catalyst was successful for photocatalysis based AOPs
probably because of Zn ions remained from activated carbon preparation by
neutral activation which is also known to be efficient semiconductor

photocatalyst as TiO,

For a detailed comparison of AOPs according to catalyst screenings and

parametric studies:

Fenton-like oxidation achieved moderate degradation efficiencies only for
BA and even no degradation for TPA and p-Tol. Despite the advantages it
provides such as easy operation and mild operating conditions, unfortunately
this method was considered as not successful for these target compounds.
Photocatalytic and photo-Fenton-like oxidation methods were much more
successful for all target compounds and achieved 90-95 % degradation
efficiencies for BA and TPA and 70 % for p-Tol. This can be considered as a
great accomplishment since there weren’t so many studies obtained very high
degradation efficiencies especially for p-Toluic acid which was known to be
the most refractive compound with very poor degradation.

For comparing photocatalytic and photo-Fenton-like oxidation, photo-Fenton-
like oxidation was more successful than photocatalytic oxidation only for BA
since scavenging effect of H,O, was more severe for TPA and p-Tol than BA.
Catalytic wet air oxidation also achieved high degradation efficiency up to
70 % for BA, but this was still below than the degradation efficiency
achieved by photocatalysis based AOPs.
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Benzoic acid treatment results by biological oxidation

As the third part of the study, catalyst screening experiments for biological
oxidation of BA showed that P.chrysosporium accomplished higher degradation
efficiencies than T.versicolor. This fulfilled the expectations since few studies
applied biological oxidation to TPA and its derivatives mostly preferred this
microorganism. Biological oxidation seems to be successful as 90-95 %
degradation efficiencies in parametric study for BA were observed. But the
required time to achieve these degradation efficiencies were up to 4 days where
same degradation efficiencies were achieved in 2 hours by photocatalytic and

photo-Fenton-like oxidation.

Unfortunately biological oxidation couldn’t be applied for TPA and p-Tol
because of toxicity of THF for microorganisms.

General Conclusions

For general conclusions extracted from this study can be expressed as:

e Neutral and basic activation are more successful activation methods in
terms of catalytic activity,

e Photocatalysis based on AOPs are the most successful methods for all
target compounds and very high degradation efficiencies with high
degradation rates were accomplished,

e Biological oxidation with novel biocatalysts can be considered as more
successful than conventional biological methods but it was still much
slower comparing to AOPs.

The main goal of this study was the development of innovative eco-
friendly methods for degradation of major pollutants present in TPA wastewater
in the presence of waste derived catalyst. The open gap in degradation of TPA
wastewater pollutants was successfully fulfilled since very high degradation
efficiencies were obtained. Additionally walnut shells were also successfully

reused as green catalyst which led application of AOPs in milder conditions and
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decreasing operating costs and prevented generation of secondary wastes. It is
thought that this will lead a great interest for application of AOPs in industrial
scale especially for treatment of refractive organic compounds such as TPA and
its derivatives which still have been a great challenge for industry from both

economic and environmental point of views.
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